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ABSTRACT 
 
The purpose of this study was to investigate the effects of heat input on tensile and 
fatigue properties of submerged arc welded American Society for Testing and Materials 
(ASTM) A709 Grade 50 steel, which was supplied as plates with dimensions of 500 mm 
× 250 mm × 20 mm by Hitachi Canadian Industries (HCI) Ltd., Saskatoon. Identical 
heat input (2.75 kJ/mm) was used to weld one side of the plates, while various heat 
inputs (single wire: 3.03 kJ/mm and 3.43 kJ/mm; tandem wires: 4.11 kJ/mm and 4.56 
kJ/mm) were used for the second side. The weld properties were evaluated using visual 
inspection, ultrasonic inspection, hardness measurements, tensile and fatigue testing, 
weld bead geometry measurement, optical microscopy and scanning electron 
microscopy.  
 
The results obtained showed that heat input affected the microstructure, hardness and 
weld bead geometry of ASTM A709 Grade 50 steel welds appreciably, but had little 
effect on the tensile and yield strengths. Increase in heat input slightly reduced the 
amount of acicular ferrite within the weld metal zone, and resulted in coarser 
microstructures in the coarse-grained heat-affected zone. The hardness of the coarse-
grained heat-affected zone and the weld metal zone increased with increasing heat input. 
The penetration depth, heat affected zone size, bead width, bead reinforcement, 
penetration area, and nugget area of the weld increased with increasing heat input for 
both single wire and tandem wire welding, but the contact angle decreased. Electrode 
melting efficiency increased with increasing heat input for single wire welding, but the 
 iii 
plate melting efficiency only changed within 4% between single wire and tandem wire 
welding. Percent dilution remained practically unchanged with increasing heat input. In 
general, the fatigue strength of the welds was slightly higher than that of the parent 
metal at room temperature. The fatigue strength of ASTM A709 Grade 50 steel and its 
welds increased slightly at -20 °C and -30 °C compared to room temperature. At room 
temperature, the welds showed slightly higher fatigue strength than the parent metal. 
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CHAPTER 1  
INTRODUCTION 
 
1.1 Overview 
 
Wind power generated by the wind turbine is one of the clean, green, and renewable 
sources of alternative energy. Worldwide growth in wind power generation since 1994 
has been 30% or higher annually (Ancona and McVeigh, 2010). A wide range of 
materials are used for manufacturing wind turbines. Aluminum or other light weight 
composites are used for small-size wind turbines. In large wind turbines, however, the 
turbine material is and will continue to be dominated by steels to meet strength and 
structural fatigue requirement (Ancona and McVeigh, 2010). 
 
American Society for Testing and Materials (ASTM) A709 Grade 50 steel is widely 
used for wind turbine towers as well as high-pressure vessels, gas and/or oil pipelines 
and bridges. It is a high-strength low-alloy steel with low carbon content (0.05 to 0.25 
wt% C) and small additions of alloying elements such as niobium, aluminum, vanadium, 
titanium, molybdenum, copper, and zirconium (Gladman, 1997). Compared to 
conventional structural steels, ASTM A709 Grade 50 steel provides high yield and 
tensile strengths, improved toughness, and good weldability.  
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Welding is the primary fabrication method for manufacturing wind turbine towers and 
bridges. The primary arc welding methods include shield metal arc welding (SMAW), 
gas metal arc welding (GMAW), gas tungsten arc welding (GTAW), and submerged arc 
welding (SAW). Compared to other techniques, SAW is commonly used for fabricating 
large diameter pipes, ships, pressure vessels, offshore constructions, and wind turbine 
towers because it offers ease of automation, low operator skill requirements, high 
deposition rate, deep penetration, high quality welds, excellent surface finish, ability to 
weld thick plates, and minimum welding fumes (Thornton, 1992; Sevensson, 1994; 
ASM Metals Handbook, 1983; Chandel et al., 1997). Several controllable process 
parameters influence the weld bead geometry and welded joint characteristics produced 
using SAW (Chandel et al., 1997; Murugan and Gunaraj, 2005; Lee, et al., 2000). These 
include arc voltage, welding current, travel speed, wire feed rate, nozzle-to-plate 
distance, electrode diameter, and the electrode polarity. The arc voltage, welding 
current, and travel speed control the heat input to a weld. The high deposition rate in the 
SAW process results in high productivity, but it requires high heat input. The high heat 
input means slow cooling rate (Poorhaydari et al., 2005), which may affect the 
mechanical properties of the welded joints. It was reported that increasing the heat input 
led to an increase in productivity, but it was at the expense of the tensile properties 
(Chandel et al., 1997). 
 
1.2 Motivation  
 
Submerged arc welded ASTM A709 Grade 50 steel joints are often subjected to 
cyclically varying loads in applications such as wind turbine towers, gas and/or oil 
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pipelines and bridges. Thus, it is necessary to investigate their fatigue properties. In 
addition, it is important to understand how welding heat input affects the quality of 
welds, including fatigue strength, tensile strength, hardness, weld bead geometry and 
microstructure.  
 
Fatigue properties of the welded joint depend on the mechanical properties and 
microstructure, which are affected by the welding heat input. Research has shown that 
heat input affects the microstructure (Dallam et al., 1985; Harrison and Farrar and 
Harrison, 1987a; Jang and Indacochea, 1987; Huang et al, 1994; Wang and Liu, 2002; 
Yang, 2008; Donald et al., 1952; Sundaram et al., 1987; Kim et al., 1991; Güral et al, 
2007), toughness (Bhole and Billingham, 1983; Farrar and Harrison, 1987a; Sundaram 
et al., 1987; Moeinifar et al., 2011; Wang and Liu, 2002; Neves and Loureiro, 2004; 
Kim et al., 2005; Gharibshahiyan et al., 2011), hardness (Smith et al., 1989; Moeinifar 
et al., 2011; Neves and Loureiro, 2004; Yurioka et al, 1987; Gharibshahiyan et al., 
2011), and tensile strength (Smith et al., 1989; Vercesi and Surian, 1998; Neves and 
Loureiro, 2004; Prasad and Dwivedi, 2008) of the weld metal (WM) zone and heat-
affected zone (HAZ) of the welded joints. Thus, this necessitates investigation of the 
effect of the heat input on the fatigue and mechanical properties of SAW A709 Grade 50 
steel joints. 
 
Research has also shown that fatigue properties of the welded steel joints are also 
dependent on the weld bead geometry (Gurney, 1968; Ninh and Wahab, 1995a; Ninh 
and Wahab, 1995b; Ninh and Wahab, 1998; Lee et al., 2009), which is also affected by 
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the welding heat input (Chandel et al., 1997; Karadeniz et al., 2007; Clark, 1985; Lee et 
al., 2000; Chandel, 1990; Chandel and Hang, 1996; Palani and Murugan, 2009; 
Benyounis and Olabi, 2008; Gunaraj and Murugan, 1999; Murugan and Gunaraj, 2005; 
Dhas and Kumanan, 2007; Juang and Tang, 2002; Kim et al., 2003; Nagesh and Datta, 
2002; Rao et al., 2009; Palani and Murugan, 2007; Hrabe et al., 2009; Tarng and Yang, 
1998). Thus, it is necessary to study the effect of the heat input on the weld bead 
geometry of the SAW A709 Grade50 steel joints. 
 
In cold regions of the world, SAW ASTM A709 Grade 50 steel joints work in the 
climatic temperature range of +20 to -60 °C (Kobrin et al., 1972). However, little 
research (Forrest, 1962; Frost et al., 1999) has been conducted to investigate fatigue 
properties of welded steels under sub-zero temperatures. 
 
1.3 Objectives 
 
This study was carried out to achieve the following objectives:  
 
(1) To investigate the effect of heat input on the tensile properties and microstructure of 
the SAW ASTM A709 Grade 50 steel. 
 
(2) To investigate the effect of heat input on the weld bead geometry of SAW ASTM 
A709 Grade 50 steel. 
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(3) To investigate the effect of heat input on the fatigue properties of SAW ASTM A709 
Grade 50 steel at room and sub-zero temperatures. 
 
1.4 Thesis Outline 
 
This thesis is organized as follows. Chapter 1 presents an overview of the research 
project, its motivation, and main objectives. A comprehensive literature survey relating 
to this project is presented in Chapter 2. Chapter 3 discusses materials and experimental 
methods applied in this study. Chapter 4 presents and discusses the experimental results. 
Chapter 5 contains the conclusions deduced from the results and recommendations for 
future work. 
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CHAPTER 2  
LITERATURE REVIEW 
 
This chapter presents a brief review of (1) the properties of ASTM A709 Grade 50 steel, 
(2) submerged arc welding, (3) effects of welding heat input on mechanical properties, 
(4) effect of heat input on weld bead geometry, and (5) factors affecting fatigue 
properties of welded joints. 
 
2.1 ASTM A709 Grade 50 Steel 
 
ASTM A709 steel is produced in seven grades (i.e., 36, 50, 50S, 50W, HPS 50W, HPS 
70W, and HPS 100W) in four yield strength levels (i.e., 36 ksi/250 MPa, 50 ksi/345 
MPa, 70 ksi/485 MPa, and 100 ksi/690 MPa) (ASTM Standard A709/A709M, 2009). 
ASTM A709 Grade 50 steel, with minimum yield strength of 345 MPa, is used widely 
in the industry for constructing bridges, cranes and wind turbine towers due to its high 
yield and tensile strengths, high ductility, high toughness, and good weldability. The 
main constituent of ASTM A709 Grade 50 steel is iron and the main alloying elements 
include carbon, manganese, silicon, molybdenum, chromium, titanium, nickel, copper, 
and nitrogen. The mechanical properties of steels are sensitive to the amount and type of 
elements they contain. 
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Carbon (C) is the most important alloying element in steel. Adding carbon strengthens 
and hardens steel, and increases its wear resistance and ability to harden by heat 
treatment. However, high carbon content hinders weldability, decreases the ductility, 
and reduces impact toughness of the steel (ASM Handbook, 1990). Carbon in excess of 
0.2 wt. % in plain carbon steels forms hard microstructures such as martensite and 
bainite (ASM Handbook, 1990).  
 
Manganese (Mn) is normally present in all commercial steels to form manganese sulfide 
stringers, which counteracts the harmful effects of sulphur and improves the 
machinability of steel (Davis, 2001). In addition, it can provide solid solution 
strengthening (ASM Handbook, 1990), grain refinement (Davis, 2001), increased 
hardenability (Davis, 2001) and improved toughness (Harrison and Farrar, 1987).  
 
Silicon (Si) acts as a deoxidizer; fully killed steels usually contain 0.15 to 0.30 wt. % Si 
for deoxidation. It slightly increases the strength of steel through solid solution 
strengthening of ferrite, without causing a serious reduction of ductility. However, a 
high proportion of Si tends to deteriorate toughness and weldability (Davis, 2001). 
 
Elements such as molybdenum (Mo), chromium (Cr), nickel (Ni), copper (Cu), 
vanadium (V), niobium (Nb) and titanium (Ti) can strengthen steels. Mo increases the 
hardenability of steels (Davis, 2001). Adding 0.1-0.2 wt. % Mo produces a fine structure 
of acicular ferrite. Cr is added as a hardening element and is usually used with Ni to 
produce superior mechanical properties (Davis, 2001). Ni is used to increase toughness 
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(Harrison and Farrar, 1987) and to improve the low-temperature properties of low-
carbon steels (Davis, 2001). Cu improves strength of steel through solid solution 
strengthening of ferrite and contributes to the corrosion resistance of carbon steels 
(Davis, 2001). V is generally added to improve strength of steels by controlling grain 
growth during heat treatment. Small addition of Nb can increase yield and tensile 
strengths of carbon steels. Ti forms several compounds that provide grain refinement, 
precipitation strengthening, and sulfide control in low carbon steels. 
 
2.2 Submerged Arc Welding  
 
2.2.1 The Process 
 
Welding is defined as “a process that produces joining of materials by heating them to 
the melting temperature with or without the application of pressure or by the application 
of pressure alone and with or without the use of a filler material” (Messler, 2004). There 
are more than 80 different types of welding processes in commercial use today. Fusion 
welding is the most widely used welding operation, which involves melting two edges 
or surfaces and joining them by adding a small amount of molten steel or filler metal 
into the gap between the two components. Submerged arc welding (SAW) is one of the 
most commonly used fusion welding processes.  
 
Figure 2.1 shows a typical single-wire SAW process. An arc generated by an electric 
current passes between the electrode wire and the workpiece generating enough heat to  
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Figure 2.1. A schematic diagram of submerged arc welding process (Wikipedia, 2011). 
 
 
melt both parent metal and welding wire. The welding wire speed is controlled by a wire 
feeder to adjust the deposition rate according to different heat inputs. The electric arc 
and the molten metal are submerged in a bed of granulated mineral material known as 
the flux, which is supplied from a flux hopper. The flux forms a glass-like slag and 
floats on the surface as a protective cover against oxidization of the steel. With the flux, 
no sparks or spatters are produced resulting in a clean welding operation with little 
fumes. When the welding process is done, the weld metal and flux cool and solidify 
forming a weld bead covered with a protective slag shield.  
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Due to its high deposition rate, high quality welds, ease of automation, and release of 
minimum welding fumes, SAW is commonly used for fabricating large diameter pipes, 
pressure vessels, offshore constructions, and wind turbine towers (Thornton, 1992; ASM 
Metals Handbook, 1983; Sevensson, 1994). However, SAW has some limitations: (a) it 
is limited to welding carbon steels, HSLA steels, stainless steels, and some nickel-based 
alloys; (b) it can be used only in a flat or horizontal position because of the use of the 
granular flux; (c) it requires maintaining correct electrode alignment; (d) as in other 
welding processes, it may result in welding defects such as cracks and lack of 
penetration; and (e) it may raise health and safety issues because of flux and slag 
remains (ASM Metals Handbook, 1983).  
 
2.2.2 Structure of a Welded Joint 
 
Figure 2.2 shows four distinct metallurgical zones that are formed in the welded joint 
during cooling and solidification of the weld pool after welding. These four weld zones 
are (a) unaffected zone or parent metal (PM), (b) weld interface (WI) or fusion line, (c) 
heat-affected zone (HAZ) and (d) fusion zone or weld metal (WM). Figure 2.3 shows 
approximate relationships among peak temperature, weld zones and iron-carbon phase 
diagram. The size of the HAZ and WM is a result of the severity of the thermal cycle, 
experienced by heating and cooling. The HAZ is subjected to the full weld thermal cycle 
and the WM in single-pass is exposed to the cooling part of the cycle. The different 
temperatures at different welded zones result in a heterogeneous cooling rate in the 
welded joint. Therefore, the microstructures of a welded joint are different from zone to  
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Figure 2.2. Sketch of a single-side SAW joint. 
 
 
 
Figure 2.3. A schematic diagram of various regions within a welded joint approximately 
indicated on the iron-carbon diagram (Connor, 1987). 
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zone. The microstructures of the HAZ and WM are also strongly influenced by the 
composition of the PM, electrode wire and flux, the prior grain size of the PM, and the 
number of welding passes, which strongly affects grain growth and grain transformation 
(Lancaster, 1999).  
 
The PM retains the same microstructure as the material in the as-received condition and 
retains its original properties (Donald et al., 1952). The typical grain microstructure of 
the PM of low-carbon steel is of ferrite and pearlite. The PM surrounding the HAZ 
suffers from residual shrinkage stress (Lancaster, 1999).  
 
The HAZ is an undesirable zone. The metal in this zone experiences temperatures below 
the melting point but high enough to change the microstructures. The HAZ consists of 
sub-zones. As shown in Figure 2.3, it can be further divided by temperature, which 
ranges from 700 °C to 1400 °C (Connor, 1987). In region 1, austenite grain can grow 
because this region is close to the fusion boundary of the weld metal and considerable 
time spent at temperature near the melting point of the metal. Therefore, the coarse-
grained heat-affected zone (CGHAZ) is formed in this region. The CGHAZ is 
characterized by high levels of embrittlement due to the coarse-grained structure that 
provides low resistance to crack propagation. The CGHAZ is normally considered to be 
the region of the welded joint with the lowest sub-zero temperature toughness causing 
researchers to label it as a local brittle zone (Lancaster, 1999). The low toughness in the 
CGHAZ can be explained by the formation of undesirable microstructures such as upper 
bainite and martensite. Region 2 is austenitized, but the temperature is not high enough 
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to promote grain growth. The smallest grain structure exists in region 3, called the fine-
grained heat-affected zone (FGHAZ). In this region, some grains are austenitized and 
some are not. The austenite grains are very fine. In region 4, no austenite transformation 
takes place, but the ferrite grain may be tempered by the heat of welding. 
 
The WI is a narrow boundary which separates the WM from the HAZ. It consists of 
parent metal that has undergone full or partial melting during the welding process and 
remains unmixed with the filler metal. 
 
The WM is a mixture of the parent metal, filler metal and alloying elements in the flux, 
which are completely melted during the fusion process. During solidification, grains 
tend to grow in a direction perpendicular to the weld interface because this is the 
direction of the maximum temperature gradient and thus the maximum driving force for 
the solidification (Kou, 1987). Columnar structure is formed as the weld cools from the 
parent metal to the center of the weld metal. The microstructure of the WM is obtained 
as the WM cools from the liquid phase to the room temperature. Transformation of the 
microstructure in the WM mainly depends on the cooling rate and alloying elements of 
the steel. Primary microstructures, such as grain boundary ferrite (GBF), acicular ferrite 
(AF), block ferrite (BF), Widmanstätten side plate ferrite (WSPF) and upper bainite may 
be obtained in the WM of low-carbon low-alloyed steels (Dallam et al., 1985; Harrison 
and Farrar, 1987).  
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2.3 Effect of Heat Input on the Properties of Welded Joints 
 
2.3.1 Cooling Rate and Heat Input  
 
In the arc welding process, heat input is an important parameter because it controls the 
cooling rate of the welded joint and, therefore, affects the microstructure and mechanical 
properties of the WM and the HAZ. Heat input cannot be measured directly 
(Funderburk, 1999). However, it can be calculated from the measured arc voltage, 
welding current, and welding speed as follows (Easterling, 1992): 
 
 ( )1mmkJ
1000
HI −⋅
×
×
=
S
VI
η  (2.1) 
 
where I = welding current (A), V = arc voltage (V), S = welding speed (mm·s-1), and η = 
arc efficiency. In this study, η = 0.95, which is the mean of the range of values reported 
for SAW process in (Easterling, 1992). 
 
The cooling rate is a primary factor that determines the final microstructure of the WM 
and HAZ. The cooling time from 800 °C to 500 °C (∆t8/5) and the cooling rate (CR) can 
be determined using equations (2.2), (2.3) and (2.4) (Poorhaydari et al., 2005).  
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where λ = thermal conductivity (41 J·s-1·m-1·ºC-1) and T0 = initial temperature (= 25 ºC) 
(Poorhaydari et al., 2005). Therefore, the relationship between the heat input and the 
cooling rate can be expressed as: 
 
  
HI
1
CR ∝  (2.5) 
 
2.3.2 Microstructures 
 
Chemical composition, cooling rate (heat input), prior austenite grain size, and inclusion 
content are considered as the main factors that influence the austenite-to-ferrite 
transformation in the weld metal (Harrison and Farrar, 1987; Jang and Indacochea, 
1987). A typical continuous cooling transformation (CCT) diagram of C-Mn weld metal 
is shown in Figure 2.4 (Lancaster, 1999). From this diagram, it can be seen that 
transformation from austenite starts with the formation of proeutectoid ferrite around the 
austenite grain boundaries. The interior of the austenite grains then transforms into 
either side plate ferrite or acicular ferrite or both. For most weld metals, there is a 
tendency to form acicular ferrite for increased cooling rates (Harrison and Farrar, 1987). 
Slow cooling rates produce pearlite (see Figure 2.4). When cooling rate increases, the 
austenite-to-ferrite transformation temperature is lowered and carbon atoms do not have 
enough time to diffuse into the ferrite to form pearlite (Lancaster, 1999). The carbide 
precipitates appear in the form of needles or plates around or within the ferrite. So,  
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Figure 2.4. Continuous cooling transformation (CCT) diagram for a typical carbon-
manganese (C-Mn) weld deposit (Lancaster, 1999). 
 
bainite is formed. At very high cooling rates, martensite is formed and carbon atoms are 
retained in solid solution.  
 
Huang et al. (1994) studied submerged arc welded (SAW) SA516 Grade 70 steel joint 
produced using a heat input of 1.5 kJ/mm. They found that the WM consisted of GBF, 
AF, and WSPF. Dallam et al. (1985) investigated niobium alloyed HSLA steel 
weldments with heat inputs of 1.9 and 3.3 kJ/mm. The low heat input welds showed a 
predominantly fine microstructure of AF. Yang (2008) found that the WM of ASTM 
A709 Grade 50 consisted of a large volume fraction of AF and GBF for the heat inputs 
of 1.83 to 4.15 kJ/mm. Wang and Liu (2002) reported that HSLA-100 steel welded 
joints exhibited a predominantly AF structure with some coarse granular bainite. Farhat 
(2007) found that the microstructure of the WM of X80 steel weld consisted mainly of a 
large amount of AF and minor amount of GBF for the heat inputs of 1.37 to 2.24 
kJ/mm. 
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The austenite-to-ferrite transformation in the HAZ occurs in a similar manner to that of 
the WM. The austenite grains in the HAZ transform into different microstructures 
during the cooling process. As heat input increases, cooling rate is lowered. The reverse 
condition produces a fast cooling rate. Under a very fast cooling rate (low heat input), 
the austenite can transform to martensite in the HAZ. This causes hard and brittle 
regions, which leads to high strength but low ductility. To maintain good toughness, 
martensite should be avoided. A low percentage of carbon can help to prevent the 
formation of martensite. The addition of alloying elements to steel generally lowers 
martensite start temperature (Ms) and finish temperature (Mf). 
 
With extremely high heat input, typical low toughness microstructures, such as upper 
bainite, martensite, and martensite-austenite-carbide (M-A-C) constituent, may form in 
the CGHAZ (Kim et al., 1991). Cooling rate is one of the important factors that 
determines the type of microstructure that forms in CGHAZ. Sundaram et al. (1987) 
found more martensite-type structure as well as acicular ferrite and a lower polygonal 
ferrite content in the HAZ obtained by using a lower heat input. Donald et al. (1952) 
studied the structure of the CGHAZ of low-carbon steel and they found that it contained 
a large proportion of pearlite with small ferrite grains. They also reported that 
Widmanstätten ferrite formed during an intermediate cooling rate. Similarly, Huang et 
al. (1994) reported that for SA516 Grade 70 steel, welded with a heat input of 4.5 
kJ/mm, the main phase of the CGHAZ was Widmanstätten ferrite. Güral et al. (2007) 
reported that the microstructure of the HAZ near the fusion line contained coarse-
grained polygonal ferrite and pearlite colonies.  
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2.3.3 Mechanical Properties 
 
Increasing heat input can lead to increased productivity, but it can degrade the 
mechanical properties of the welded joint such as tensile strength and fracture toughness 
because high heat input slows the cooling rate and prolongs the cooling time of the weld 
metal, causing the grains to grow larger (Farrar and Harrison, 1987a). This is 
detrimental to the mechanical properties of the welded joint (Murray et al., 1996). Many 
researchers have studied the effect of heat input on the mechanical properties of welded 
joints. Their studies showed that an increase in heat input (or a decrease in cooling rate) 
reduced the toughness (Bhole and Billingham, 1983; Farrar and Harrison, 1987a; 
Sundaram et al., 1987; Moeinifar et al., 2011; Wang and Liu, 2002; Neves and Loureiro, 
2004; Kim et al., 2005; Gharibshahiyan et al., 2011), hardness (Smith et al., 1989; 
Moeinifar et al., 2011; Neves and Loureiro, 2004; Yurioka et al., 1987; Gharibshahiyan 
et al., 2011) and tensile strength (Smith et al., 1989; Vercesi and Surian, 1998; Neves 
and Loureiro, 2004; Prasad and Dwivedi, 2008) of the welded joints. Optimum ductility 
and good toughness of the weld metal could be obtained by a microstructure consisting 
of mainly acicular ferrite (Lancaster, 1999; Dallam et al., 1985). 
 
Bhole and Billingham (1983) reported that increasing heat input lowered the impact 
toughness for HSLA steel welds due to the formation of high temperature 
transformation products such as proeutectoid ferrite, side plate ferrite, and upper bainite. 
Farrar et al. (1974, 1987a, and 1987b) found that a high fraction of acicular ferrite was 
favorable in terms of toughness. However, the presence of martensite is considered to be 
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detrimental to toughness, as it could be a potential site for cleavage. Other unfavorable 
transformation products include polygonal ferrite, side plate ferrite, and aligned ferrite. 
These all have a larger grain size than acicular ferrite and may offer cleavage crack 
propagation paths (Farrar et al., 1974). Wang and Liu (2002) found that with 70% 
acicular ferrite and some coarse granular bainite (about 15%), the weld metal exhibited 
the best impact toughness property. An AF content of 80–90% in the as-deposited weld 
metal is necessary to obtain satisfactory toughness at low temperatures (Kim et al., 
2005). The size of the HAZ gives an indication of its toughness and grain size. A high 
cooling rate (low heat input) would result in a narrow HAZ region, a fine grain size and, 
consequently, good toughness (Bhole and Billingham, 1983). Moeinifar et al. (2011) 
similarly reported that the toughness of the HAZ in X80 microalloyed pipe line steel 
decreased with increasing heat input. Very high cooling rates, however, would cause the 
formation of martensite or bainite, which lowers the toughness. Low cooling rates give 
rise to wide HAZ, large grain sizes, and inferior toughness (Moeinifar et al. 2011).  
 
An increase in heat input caused a reduction of hardness in the WM and HAZ of steel 
RQT 601 because of microstructural changes and coarsening (Neves and Loureiro, 
2004). With increasing heat input, the volume fraction of ferrite increased. Viano et al. 
(2000) found that coarsening of the ferrite phase took place by increasing heat input 
from 2 to 10 kJ/mm and, in turn, it reduced the hardness of the WM of SAW HSLA 80 
steel. Yurioka et al. (1987) studied the hardness of the HAZ of different steels with 
carbon content varying from 0.05% to 0.73%. Their results showed that maximum 
hardness in the HAZ of all the steels decreased with increasing heat input. Moeinifar et 
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al. (2011) studied the influence of cooling rate on the hardness of the CGHAZ in SAW 
X80 steel and found that the increase in the fractional area of martensite/austenite 
particles due to high cooling rate (low heat input) was the main reason for the increase 
in the hardness of the CGHAZ.  
 
Prasad and Dwivedi (2008) found that increased heat input and the resulting coarse-
grained microstructure lowered the tensile and yield strengths of SAW HSLA steel. 
However, ductility was enhanced due to the coarsed grains. Neves and Loureiro (2004) 
reported similar results on SAW steel RQT 601. Vercesi and Surian (1998) also reported 
that tensile properties decreased with an increase in heat input for American Welding 
Society (AWS) A5.5-81 all-weld-metal.  
 
2.3.4 Weld Bead Geometry  
 
The relationship between heat input and weld bead geometry is complex because of the 
interrelationship between welding current, arc voltage and welding speed. In general, the 
size of the weld bead is proportional to the amount of heat input supplied. An increased 
energy supplied from the arc would promote both electrode and plate melting and thus 
produce a large weld bead. It is noted that only a portion of the heat input is used in 
melting the base metal and electrode, and some heat is lost through radiation, 
conduction, spatter and melting of the flux, or absorbed in the HAZ (Chandel, 1990).  
Clark (1985) studied the weld bead geometry of manual metal arc welded Cr-Mo-V 
steel and found that the penetration area and reinforcement area were proportional to the 
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welding heat input. Lee et al. (2000) found that welding current had the greatest 
influence on the size of HAZ in SAW ASTM A36 steel with high currents causing a 
reduction in the size of the HAZ. Karadeniz et al. (2007) studied the effects of welding 
current, arc voltage and welding speed on the penetration of GMAW Erdemir 6842 
steel. They showed that the depth of penetration increased linearly with both welding 
current and arc voltage. When welding speed increased, the penetration increased first 
and then decreased. However, the effect of welding current was approximately 2.5 times 
greater than that of arc voltage and welding speed on penetration. Farhat (2007) studied 
the effect of welding speed on the weld bead geometry on SAW API-5L X80 steel and 
the results showed that increasing the weld speed from 16.93 mm/s to 33.87 mm/s 
resulted in reductions in weld width, reinforcement, penetration depth, contact angle, 
deposition area, total area of the weld, and HAZ size in most of the weldments. Yang 
(2008) studied the effect of welding current and welding speed on the weld bead 
geometry on SAW SA516 and A709 steels and found that the reinforcement, penetration 
depth and HAZ size of SA516 and A709 welds increased with increasing welding 
current, but decreased with welding speed, the contact angle of SA516 and A709 welds 
decreased with increasing welding current and welding speed, and the bead width of 
SA516 and A709 welds decreased with travel speed but it was little affected by welding 
current. 
 
To control the bead shape and weld metal chemistry, it is desirable to investigate the 
effect of the process variables on the electrode/plate/total melting efficiencies and 
dilution. Research has shown that process parameters of SAW such as welding current, 
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voltage, electrode diameter, electrode polarity and electrode extension have a 
considerable influence on the melting efficiencies of SAW and GMAW ASTM A36 
steel (Chandel, 1990). Chandel (1990) showed that electrode melting efficiency 
increased with an increase in current and electrode extension, and with a decrease in arc 
voltage and electrode diameter. Plate melting efficiency of GTAW low carbon mild 
steel increased with increasing current and voltage (Chandel and Hang, 1996). Lee et al. 
(2000) also studied the melting efficiencies of SAW ASTM A36 steel and used the 
effect of welding parameters on the melting efficiencies to explain their effect on the 
HAZ size. Clark (1985) suggested that dilution was independent of the heat input but 
depended only slightly on the ratio of the bead width-to-bead height and strongly on the 
ratio of bead height to penetration depth. Palani and Murugan (2007) studied weld bead 
geometry of flux-cored arc welded (FCAW) IS: 2062 structural steel and showed that 
dilution slightly increased with an increase in welding current. All the works mentioned 
above are based on bead-on-plate welds. 
 
Chandel et al. (1997) modelled the effect of welding current, electrode polarity, 
electrode diameter, and extension on the melting rate, bead height, bead width and weld 
penetration of SAW low carbon steel, using a constant heat input of 3.0 kJ/mm. Their 
results showed that bead height and weld penetration increased with an increase in 
welding current, while bead width decreased with it. Many other works (Benyounis and 
Olabi, 2008; Gunaraj and Murugan, 1999; Murugan and Gunaraj, 2005; Dhas and 
Kumanan, 2007; Juang and Tang, 2002; Kim et al., 2003; Nagesh and Datta, 2002; Rao 
et al., 2009; Palani and Murugan, 2007; Hrabe et al., 2009; Tarng and Yang, 1998) 
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using statistical and numerical approaches were carried out to predict and understand the 
effect of the welding parameters on the weld bead geometry.  
 
2.4 Fatigue Properties of Welded Joints 
 
Welded joints used in some practical applications, such as wind turbine towers, pressure 
vessels, and bridges, usually experience cyclic loads which may lead to fatigue failure. 
As such, fatigue properties should be taken into account in the design of welded 
structures.  
 
Although the properties of the weld metal are good, fatigue problems can be caused 
when there is an abrupt change in the component, such as excessive reinforcement, 
undercut, slag inclusion and lack of penetration. It was reported that nearly 70% of 
fatigue cracking in industries occurs in the welded joint (Magudeeswaran et al., 2009). 
Welding process, filler metal, heat input and the number of weld passes will affect the 
mechanical properties, microstructure, weld bead geometry and discontinuities of the 
welded joints and, in turn, influence its fatigue properties (Gurney, 1968; 
Magudeeswaran et al., 2009).  
 
2.4.1 Effect of Microstructure on Fatigue Properties of Welded Joints 
 
The fatigue strength of metals usually increases with increasing tensile strength. 
However, for a given tensile strength, it is dependent to some extent on the 
microstructure of the metal (Forrest, 1962). The weld microstructure, especially the 
dendrite alignment, significantly affects the fatigue crack growth (Jang et al., 2010). 
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Jang et al. (2010) showed that fatigue cracks followed mostly the directions of 
austenite/ferrite boundary in 316L steel welds. 
 
Forrest (1962) studied the influence of microstructure on the fatigue strength of steels 
and suggested that the low fatigue resistance of mixed microstructures may be attributed 
to coarse pearlite, free ferrite or retained austenite. The presence of about 10% of 
retained austenite reduced the fatigue strength of high strength steels (at 105 cycles) by 
10-15%, but greater quantities had little effect (Forrest, 1962). Breen and Wene (1978) 
investigated the influence of microstructure on the fatigue properties of steels and the 
results are summarized in Figure 2.5. The σn/σu (fatigue limit or endurance limit / 
ultimate strength) ratios were approximately 0.5. The best fatigue properties were 
obtained with tempered martensite. When untempered martensite was included, the σn/σu 
ratio dropped to between 0.26 and 0.30.  
 
2.4.2 Effect of Weld Geometry on Fatigue Properties of Welded Joints 
 
Gurney (1968) demonstrated the importance of reinforcement shape to fatigue property 
by comparing the fatigue strength of butt-welded joints of steels with different contact 
angles (θ). In test, both the width (W) and the height (H) of the reinforcement were 
varied but the ratio H/W was maintained constant, which implied constant reinforcement 
angle (θ) and constant fatigue strength. However, by keeping W constant and varying H, 
fatigue strength was found to decrease as H increased (or as θ decreased). In view of the 
influence of weld reinforcement in determining fatigue strength, it became clear that a 
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Figure 2.5. Effect of microstructure on endurance ratio for steel (Breen and Wene, 
1978). 
 
simple method of improving fatigue performance was to machine the reinforcement 
flush with the plate surface (Gurney, 1968). 
 
Ninh and Wahab (1995a) studied the effect of weld geometry parameters on the fatigue 
properties of butt-welded joints of structural steels using finite element analysis (FEA). 
Their analysis showed that fatigue life and fatigue strength of the welded joints can be 
improved by modifying the reinforcement shape, including increasing the radius of weld 
toes and increasing the contact angle. Ninh and Wahab (1995b) also developed an 
analytical model to determine the effect of residual stresses and weld geometry on 
fatigue life of structural steels. They found that the fatigue life of the welded joint was 
substantially increased as the weld toe radius increased from 0.3 mm to 2.0 mm or as the 
contact angle increased from 160o to 180o. Ninh and Wahab (1998) later studied the 
fatigue strength and fatigue life of butt-welded joints of structural steels using FEA and 
found that fatigue strength and fatigue life were improved by either partly or totally 
eliminating the weld toe undercut. They also found that the fatigue strength at 2×106 
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cycles was increased 12% as the tip radius of undercut was decreased from 0.35 to 0.05 
mm. In another study, Radhi and Barrans (2010) used finite element method to 
investigate the effects of weld toe radius on fatigue life of a butt-welded joint of S355JR 
steel. Weld toe radius contributes to stress concentration; increased weld toe radius 
reduces the stress concentration. It was reported that the fatigue life was increased 2.2 
times as weld toe radius was tripled from 0.44 mm to 1.2 mm. Lee et al. (2009) 
experimentally demonstrated similar results for mild carbon steel that fatigue life 
increased with an increase in the contact angle and the weld toe radius. 
 
2.4.3 Effect of Weld Defects on Fatigue Properties of Welded Joints 
 
Welded structures generally contain built-in defects, such as lack of penetration, slag 
inclusion, porosity and misalignment. When these structures are subjected to the cyclic 
loading, fatigue crack might initiate from these defects, which could cause a reduction in 
fatigue strength between about 55% and 65% (Gurney, 1968). 
 
A moderate degree of porosity, slag or lack of fusion in a weld does not reduce the 
fatigue strength (Newman, 1959). Onoro and Ranninger (1997) investigated the fatigue 
behavior of laser welds of HSLA steels and found that rough porosity in the fusion zone 
did not promote fatigue crack-initiation start points. Gurney (1968) reported that a lack 
of penetration defect severity over 1% could not be tolerated (only valid for the size of 
specimen used in laboratory investigation). Cicero et al. (2009) studied the lack of 
penetration defects in circumferential butt welds of tubular towers, in which fatigue 
properties were considered. They suggested that the maximum tolerable lack of 
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penetration defects was of the dimension of 2.9 mm for the wind tower with thickness of 
35 mm. Fazzini et al. (2007) studied a 45 year-old gas pipeline which had a blowout due 
to sudden propagation of a pre-existing longitudinal crack at the double submerged arc 
seam weld. They found that fatigue cracks had propagated from a large embedded weld 
defect of lack of fusion to the surface of the pipeline. 
 
Stress raisers on the surface of welded joints, such as undercut and excessive 
reinforcement, are frequent sources of fatigue cracks. Fatigue life and fatigue strength of 
butt-welded joints can be improved by decreasing the tip radius of weld undercut or 
eliminating it entirely (Ninh, 1995a).  
 
2.4.4 Effect of Heat Input on Fatigue Properties of Welded Steel Joints 
 
As discussed in Section 2.3, welding heat input affects the microstructure, hardness, 
toughness, tensile properties, and weld bead geometry of welded joints. These properties 
will, in turn, influence fatigue properties of the welded joints. However, there is dearth 
of information in the open literature on the effect of the heat input on the fatigue 
properties of welded steel joints. 
 
2.4.5 Effect of Low Temperature on Fatigue Properties of Welded Joints 
 
In cold regions of the world, welded structures such as bridges and wind towers work in 
the climatic temperature range of +20 to -60 °C (Kobrin et al., 1971). In general, these 
structures are fabricated of low-carbon structural steels rather than steels designed for 
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low temperature services. From a viewpoint of safety, it is necessary to study the fatigue 
behavior of welded joints at sub-zero temperatures.  
 
Only a few studies of the effect of low temperature on fatigue properties of steels exist 
in the open literature (Forrest, 1962; Frost et al., 1999; Verkin et al., 1983; Stephens et 
al, 2001; Shul'ginov and Matveyev, 1997). Forrest (1962) found that the fatigue strength 
of various steels increased with a reduction in temperature (see Table 2.1). The fatigue 
strengths of these steels were higher at -40 °C and -78 °C than at room temperature. The 
tensile strength also increased with a decrease in temperature, but not to the same extent 
as the fatigue strength. The increase in fatigue strength with decreasing temperature was 
usually greater for low-hardness materials than hard ones and was particularly 
appreciable for mild steel. Shul'ginov and Matveyev (1997) carried out fatigue testing of 
low-alloy steels and their butt-welded joints under the conditions of impact and 
sinusoidal loading at -60 °C and room temperature. They found that with a drop in 
temperature from room temperature to -60 °C, the fatigue strength of both base material 
and welded specimens increased under sinusoidal loading, but decreased under impact 
loading. 
 
Although, almost without exception, the fatigue strength of a few steels was reported to 
generally increase at low temperatures (Forrest, 1962; Frost et al., 1999), it is worth 
investigating the low temperature fatigue properties of ASTM A 709 Grade 50 steel and 
its welds in order to ensure that fatigue failures will not occur at such temperatures. 
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Table 2.1. A comparison of fatigue strengths at low temperatures with fatigue strengths 
at room temperature (Forrest, 1962). 
 
Material 
Average value of the ratio: 
re temperaturoomat limit  Fatigue
re temperatulowat limit  Fatigue
 
Average value of the fatigue limit 
ratio: 
strength Tensile
limit Fatigue
 
 -40 °C -78 °C 
Room 
temperature 
-40 °C -78 °C 
Carbon steels 1.20  1.30  0.43  0.47  0.45  
Alloy steels 1.06  1.13  0.48  0.51  0.48  
Cast alloy 
steels 
- 1.22  0.27  - 0.27  
Stainless steels 1.15 1.21  0.52  0.50 0.57  
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CHAPTER 3  
MATERIALS AND EXPERIMENTAL PROCUDURES 
 
This chapter provides a description of the materials, welding process, and experimental 
procedures used in the research. All the welding operations were carried out by 
certificated welders of Hitachi Canadian Industries (HCI) Ltd., Saskatoon, 
Saskatchewan. Various difficulties were encountered during the testing, but the major 
challenge was conducting fatigue testing under sub-zero temperatures. The methods 
used for these tests are described in Section 3.3.6.  
 
3.1 Material 
 
The structural material studied in this research was ASTM A709 Grade 50 steel. It was 
supplied as normalized plates measuring 500 mm × 250 mm × 20 mm by HCI. The 
chemical composition of A709 steel shown in Table 3.1 was given in the mill test report 
(MTR) provided by HCI. The accuracy of the chemical composition values was verified 
internally using the PERKIN ELMER ELAN 5000 inductively coupled plasma mass 
spectroscopy (ICP-MS) facility located in Room 211, Geology Building, University of 
Saskatchewan, and the results are also presented in Table 3.1. 
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Table 3.1. Chemical composition of ASTM A709 Grade 50 steel (wt. %). 
 
Element C Mn P S Si Cu Ni 
ICP-MS  N/A 1.3156 N/A N/A N/A 0.1703 0.0699 
MTR  0.07 1.44 0.013 0.006 0.3 0.2 0.07 
Element Cr Mo Al V Nb Ti Ca 
ICP-MS  0.1266 0.0122 0.0396 N/A 0.0529 N/A N/A 
MTR  0.12 0.01 0.028 0.007 0.047 0.003 0.0001 
 
The filler wire used was 4.0 mm ESAB Spoolarc 81 (American Welding Society (AWS) 
EM12K) while the flux was ESAB OK 10.72 (AWS F7A6-EM12K-H8). The as-
supplied chemical compositions of the filler rod and flux are given respectively in 
Tables 3.2 and 3.3. 
 
3.2 Welding Procedure and Parameters 
 
The edges of the A709 steel plates to be welded were first double-beveled as shown in 
Figure 3.1. Then, they were submerged arc welded using an ESAB CaB 300 welding 
machine (Figure 3.2) operated by HCI personnel. The welding parameters used are 
shown in Table 3.4. Identical heat inputs were used to weld one side of the plates, while 
four different heat inputs were used for the second side. A single pass was used for each 
side of all plates. Single-wire welding was used for the first side of all coupons (i.e., T1, 
T2, T3 and T4) and the second side of coupons T1 and T2, while tandem welding was 
used for the second side of coupons T3 and T4. 
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Table 3.2. Chemical composition of welding wire AWS No. EM12K. 
 
Elements C Mn Si S P Cu Others 
wt.% 0.10 0.99 0.24 0.01 0.006 0.13 <0.50 
 
Table 3.3. Chemical composition of flux ESAB 10.72. 
 
Elements SiO2+TiO2 CaO+MgO Al2O3+MnO2 CaF2 
wt.% 20 25 30 20 
 
Table 3.4. SAW parameters used for A709 Grade 50 steel plates. 
 
Plate 
ID 
No. of 
Passes 
Welder 
polarity 
I  
(A) 
V  
(V) 
S  
(mm·s-1) 
HI  
(kJ·mm-1) 
Total HI  
(kJ·mm-1) 
T1 1st side DC 750 31.0 8.04 2.75 2.75 
 2nd side DC 800 32.1 8.04 3.03 3.03 
T2 1st side DC 750 31.0 8.04 2.75 2.75 
 2nd side DC 900 34.0 8.47 3.43 3.43 
T3 1st side DC 750 31.0 8.04 2.75 2.75 
 2nd side 
DC 800 
33.0 11.43 
2.19 
4.11 
AC 700 1.92 
T4 1st side DC 750 31.0 8.04 2.75 2.75 
 2nd side 
DC 900 
34.5 11.85 
2.49 
4.56 
AC 750 2.07 
 
1st side
2nd side
60 °
90 °
6
7
7
 
Figure 3.1. Joint geometry of weld coupons. (All dimensions in mm) 
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Figure 3.2. The SAW welding machine: (a) ESAB automatic welding machine and (b) 
components of the welding head.  
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3.3 Experimental Methods 
 
Ultrasonic testing was carried out to screen the welded coupons. Weld geometry 
measurements, microhardness measurements, tensile and fatigue testing were performed 
to investigate properties of A709 Grade 50 steel and its weldments. Optical microscopy 
and scanning electron microscopy (SEM) were used to study the weld microstructures 
and the fractured surfaces of tensile and fatigue specimens. 
 
3.3.1 Ultrasonic Testing 
 
Surface defects such as undercut, cracks, and burn-through were visually inspected. 
Internal defects in the weldements, specifically the weld metal and the adjacent parent 
metal 2 mm on each side of the weld, were examined by HCI quality assessment 
inspector, with a Krautkramer USN 52L ultrasonic flaw detector (Figure 3.3(a)) using a 
70o transducer (Figure 3.3(b)) and Ultra Gel II couplant.  
 
3.3.2 Metallographic Examination 
 
The microstructures of the PM, FGHAZ, CGHAZ, WI, and WM zones of A709 Grade 
50 welds were studied by metallographic examination. All the specimens used for 
metallographic examination were first ground using emery papers of different grit sizes 
and subsequently polished using 1 µm diamond paste on a nylon cloth followed by 
etching in 2% Nital solution. The microstructures of the specimens were observed using  
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Figure 3.3. (a) Krautkramer USN 52L ultrasonic flaw detector and (b) 70o transducer. 
 
a Nikon MA100 optical microscope equipped with PAX-it image analysis software 
(Figure 3.4), which is located in Room 2C26, Engineering Building, University of 
Saskatchewan. Using the area calculation of PAX-it, the proportion of ferrite and 
pearlite within the PM as well as the fraction of acicular ferrite and grain boundary 
ferrite within the WM can be estimated. 
 
3.3.3 Weld Bead Geometry Measurements 
 
A schematic diagram of an unbeveled, gapless submerged arc welded butt joint showing 
important physical parameters is used to describe the weld bead geometry and HAZ, and 
is shown in Figure 3.5. The parameters are the bead reinforcement (R), bead width (W), 
penetration depth (P), HAZ size (H), bead contact angles (θ1 and θ 2), deposition area 
(Ad) that represents the portion of the WM contributed by the electrode, penetration area 
(Ap) that represents the proportion of the WM resulting from the melting of the base 
metal, and total molten area (At) (= Ad+Ap). These parameters are greatly affected by 
welding current, welding speed, and arc voltage, three of which control the heat input to 
a weld.  
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Figure 3.4. Nikon MA100 optical microscope equipped with software PAX-it. 
 
2nd side
1st side
 
Figure 3.5. A schematic diagram of a typical SAW welded butt joint with no bevel or 
gap. 
 
To ensure consistency of measured data, locations on the welds with severe surface 
defects such as burn-through and excessive reinforcement were avoided. After 
eliminating these defective sections of the plates, three transversely sectioned test 
specimens were cut at random from each plate. They were grounded using different 
grades of emery cloth and polished with 1 µm diamond paste, and then etched with 2% 
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nital solution to reveal the microstructure of the PM, WM and HAZ regions. They were 
examined using a Nikon MA100 inverted optical microscope. Digital images of the 
etched specimens were acquired and imported into the PAX-it image analysis software 
for calibration and subsequent weld bead geometry measurements. Since the welded 
joints studied in this work were bevelled but without a gap, the bead parameters Ad and 
Ap did not apply directly in calculating % dilution and melting efficiencies. Instead, 
areas Ad' and Ap' illustrated in Figure 3.6 were used for the calculations. Typical cross-
sections of A709 steel welds prepared using different heat inputs are shown in Figure 
3.7. Since the first sides of the welds were prepared using the same heat input only, the 
data measured from the second sides of the plates are reported here as they were welded 
using different heat inputs. 
 
3.3.4 Hardness Measurements 
 
Hardness measurements were carried out on polished and etched welded specimens 
using a Mitutoyo MVK-H1 Vickers microhardness tester (see Figure 3.8) , which is 
located in Room 2C26, Engineering Building, University of Saskatchewan. To measure 
the hardness, the indenter was pressed into the surface of the specimens using a load of 
500 g and a resident time of 15 seconds. A measurement whose diagonal length values 
differed by more than 5µm was discarded to avoid excessive fluctuation. Transverse 
hardness readings were taken across the PM, FGHAZ, CGHAZ and WM, on both passes 
as shown in Figure 3.9. At least 15 readings were taken in each region. So, the hardness 
data reported in this thesis are averages. 
 
 
38 
Ad'
Ap' Ab
 
Figure 3.6. A schematic diagram showing deposition and penetration areas of a welded 
joint with bevel. 
 
1 cm
(a)
 
 
1 cm
(b)
 
 
1 cm
(c)
 
Figure 3.7. Typical cross-sections of A709 steel welds prepared using different heat 
inputs: (a) T1, (b) T2, (c) T3, and (d) T4. 
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1 cm
(d)
 
Figure 3.7 continued. 
 
 
1
2
3 1: diagonal length value 1; 
2: diagonal length value 2; 
3: Vickers hardness number.
 
Figure 3.8. Mitutoyo MVK-H1 Vickers testing machine. 
 
 
PM FGHAZ CGHAZ WM
WI  
Figure 3.9. Locations of hardness measurements on the weldment. 
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3.3.5 Tensile Testing 
 
Tensile tests were performed at room temperature using a computer-controlled InstronTM 
Universal Testing Instrument, Floor model 5500R, interfaced with a Bluehill software 
(Figure 3.10), which is located in Room 1A89, Engineering Building, University of 
Saskatchewan. The applied cross-head speed was 5 mm/min and the initial strain rate 
was 0.098 /min. A 50.8 mm extensometer was used to measure the extension of the 
specimens during testing. Stress vs. strain curves were obtained by the Bluehill 
software. Mechanical properties such as tensile strength, yield strength, tensile strain at 
maximum load, and Young’s modulus were determined automatically by the software. 
The gauge length of each specimen was measured before and after testing and percent 
elongation was calculated. The tensile strength results were also used to estimate the 
fatigue limit because fatigue limit of carbon steels is 50% to 60% of the tensile strength 
(Dowling, 1999). 
 
Tensile test specimens were prepared according to ASTM A370 standard (2009). Figure 
3.11 shows the dimensions of a typical tensile test specimen. Specimens cut from the 
PM and welded plates were tested. Three longitudinal and three transverse specimens 
were machined from the PM in order to ascertain the effect of rolling directions on the 
tensile properties. Three specimens were tested for each heat input and parent metal. 
Specimens were cut from the welded plates perpendicular to the weld bead direction as 
shown in Figure 3.12. The specimens were also etched with 5% Nital solution after 
testing to reveal the WM and HAZ zones and to determine where they broke. 
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Figure 3.10. InstronTM Universal testing machine, Floor model 5500R, interfaced with a 
Bluehill 5500 system. 
 
 
 
 
 
Figure 3.11. Tensile test specimens: (a) dimensions of unnotched for parent and welded 
metals, (b) dimensions of notched for parent metal only, and (c) dimensions of V-notch. 
(All dimensions in mm) 
(b) 
(a) 
(c) 
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A
A
 
A-A
2nd side
 
Figure 3.12. Machining of tensile specimens. 
 
3.3.6 Fatigue Testing 
 
There are three major approaches to analyzing fatigue failures, namely: stress-based 
approach, strain-based approach and fracture mechanics approach (Dowling, 1999). To 
study the fatigue strength of ASTM A709 Grade 50 steel and its welds, the stress-based 
fatigue life method was used for this project. Stress-life relations are used mainly to 
assess high cycle fatigue and to model the initiation of fatigue cracks (De Jesus et al. 
2007). The stress-based approach to the fatigue analysis works well for situations in 
which only elastic stresses and strains are present (Lee et al., 2005). 
 
Fatigue specimens were machined in accordance with ASTM Standard E466 (2007). 
Figure 3.13 shows unnotched parent metal and welded specimens used in fatigue testing 
and their dimensions. The fatigue specimens from the welded plates were cut 
perpendicular to the weld bead direction as shown in Figure 3.14. All the welded fatigue  
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(a) 
 
(b) 
 
Figure 3.13. Fatigue specimen: (a) unnotched parent & welded metals specimen and (b) 
dimensions of unnotched specimen. (All dimension in mm). 
 
A
A
 
 
2nd side
A-A
 
 
Figure 3.14. Fatigue specimen machining. 
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specimens were machined from the second side (the side which the heat input varied) of 
the welded plates and included the WM, HAZ and PM. 
 
Stress concentration is one of the most important factors affecting the fatigue life of any 
component or structure. The tensile strength of a butt-welded joint is generally not less 
than that of the base material. Fatigue cracking of a good welded joint usually initiates 
from the teo of the weld bead, which has high stress concentration (Frost, 1999). Stress 
concentration of the welded joints is caused by the weld bead shape (e.g., reinforcement) 
and exists in weld defects (e.g., undercut and internal cavities that may not be detected 
by non-destructive inspections). To apply fatigue analysis to the welds, an appropriate 
value of the stress concentration factor needs to be selected. In this study, 
circumferential V-notches were made in the middle of the cylindrical fatigue test 
specimens to introduce stress concentration (Kt = 2.25) which closely represents actual 
butt-welded joints (Kt = 2.58). Calculations of stress concentration factors (Kt) for butt-
welded joints and V-notched cylindrical specimens are summarized in Appendices A1 
and A2. Notched specimens used in the fatigue testing and their dimensions are shown 
in Figure 3.15. The dimensions of the V-notch of the fatigue specimens were the same 
as those of the tensile specimens as shown in Figure 3.11 (c) except that the depth of the 
V-notch of the fatigue specimens was 1 mm. Only parent metal fatigue specimens were 
notched due to the limitation imposed by the number of welded plates supplied. 
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(a) 
 
(b) 
 
Figure 3.15. Fatigue specimen: (a) notched specimen and (b) dimensions of notched 
specimen. (All dimension in mm). 
 
To investigate the fatigue properties of ASTM A709 Grade 50 steel and its welds, 
specimens were subjected to cyclic loading conditions to induce fatigue failure. A 
Krouse rotating cantilever beam machine (see Figure 3.16), located in Room 2C19, 
Engineering Building, University of Saskatchewan, was used to perform the fatigue 
testing by producing alternating tensile and compressive stresses. Cylindrical fatigue 
specimens were clamped into the Krouse machine using a set of two freely rotating 
collets. One of these collets was connected to a DC motor, while the other was 
connected to a load arm. Using a sliding weight, a moment was applied to the specimen 
at the end of the load arm. The bending moment was related to the applied stress 
(equation 3.1) and was calculated by equation 3.2. 
 
 
3
32
d
M
π
σ =  (3.1) 
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Figure 3.16. Krouse rotating cantilever beam machine. 
 
 
32
3d
M
πσ
=  (3.2) 
 
where M is the bending moment and scale beam reading in inch pounds, d the diameter 
of the specimen, and σ the desired stress. To convert the unit to N·m, the value of M was 
divided by 8.85666. σ is the bending stress at the minimum section of the specimen in 
Pa. d is the diameter of the minimum section of the specimen in m. Therefore, the 
maximum and minimum stresses for a cyclic loading could be determined by: 
 
 
3max 85666.8
32
d
M
π
σ =  (3.3) 
 
3min 85666.8
32
d
M
π
σ −=  (3.4) 
 
The stress amplitude (σa) is given by (Dowling, 1999) 
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This study investigated the fatigue property of ASTM A709 Grade 50 steel at -20 oC and 
-30 oC. To obtain -20 °C and -30 °C, the first method tried was to design an insulated 
chamber surrounding the specimen part of the fatigue machine and inlet cold air into the 
chamber. However, the lowest temperature that could be reached inside the chamber 
was only -5 °C because the supply of cold air was not enough and cold leaked away 
through the load arm which was connected to the specimen. The second method was to 
place the whole fatigue machine in a temperature-controlled cold room (Room 1B30) in 
Engineering Building, University of Saskatchewan. Fatigue testing at -20 oC was 
conducted successfully. However, other practical problems arose during testing at -30 
oC, either the motor or the weight got frozen once the testing was carried out at -30 °C. 
So, I was able to successfully test only one or two fatigue specimens at each stress 
amplitude level at -30 °C. Specimens and loading conditions were the same for both 
room temperature and low temperatures testing. 
 
3.3.7 Fractography 
 
The fracture surfaces of tensile and fatigue specimens were examined in a Hitachi 
TM3000 scanning electron microscope (SEM) and a JEOL JSM-6010LV SEM. The 
secondary electron detector was used in the SEMs to provides information about surface 
topography. The fracture surfaces of fatigue specimens were also examined in an 
Ancansco Stereomicroscope (Serial number: OT6850, located in Room 2C25, 
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Engineering building, University of Saskatchewan) interfaced with a QCapture Pro 6.0 
software. Valuable information regarding the mechanism and nature of the fracture, 
such as fatigue striations and inclusions, were obtained through this examination. 
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CHAPTER 4  
RESULTS AND DISCUSSION 
 
The results obtained from the various experiments described in Chapter 3 are presented 
and discussed in this chapter. The analysis of the results show the effect of heat input on 
microstructure, weld bead geometry, hardness, tensile and fatigue properties of ASTM 
A709 Grade 50 steel welds.  
 
4.1 Effect of Heat Input on Microstructures of ASTM A709 Grade 50 Steel 
Weld 
 
A typical optical macrograph of submerged arc welded (SAW) ASTM A709 Grade 50 
steel joint is shown in Figure 4.1. The three usual zones of the welded joint, i.e., the 
parent metal (PM), heat-affected zone (HAZ) and weld metal (WM) are clearly shown 
and demarcated with distinct boundaries. Figure 4.2 shows typical optical micrographs 
obtained from the different weld zones of SAW A709 Grade 50 steel joint produced 
using a heat input of 3.43 kJ/mm. The microstructure of PM shown in Figure 4.2 (a) was 
characterized by two microconstituens: ferrite (light etched) and pearlite (dark etched). 
The fraction of ferrite and pearlite was calculated using the area calculation module of 
PAX-it image analysis software. The results showed that there was about 7% pearlite 
and 93% ferrite in the PM. Using the inverse lever rule, the carbon content of A709 steel  
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1 cm
PM WM
FGHAZ
CGHAZ
HAZ
 
Figure 4.1. Typical weld zones of SAW welded A709 Grade 50 steel. 
 
 
(a)
50 µm
Ferrite
Pearlite
 
Figure 4.2. Typical microstructures obtained from different weld zones of SAW welded 
A709 Grade 50 steel joints produced using a heat input of 3.43 kJ/mm: (a) PM, (b) 
FGHAZ, (c) CGHAZ, (d) and (e) WM. 
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(c)
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Figure 4.2 continued. 
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Figure 4.2 continued. 
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Figure 4.2 continued. 
 
 
was determined to be 0.074%, which is close to the value of 0.07% given in the MTR 
(Table 3.1). The microstructure of the fine-grained heat-affected zone (FGHAZ) shown 
in Figure 4.2 (b) was also characterized by ferrite and pearlite. However, the grains in 
this zone were much finer than those in PM because they reached the temperature (700 – 
950 °C) where the grain refinement occurred. The microstructure of the coarse-grained 
heat-affected zone (CGHAZ) shown in Figure 4.2 (c) and (d) was obtained near the 
weld interface and consisted of bainite, ferrite, pearlite and acicular ferrite (AF). No 
martensite was found in the CGHAZ possibly due to the very low carbon content of the 
parent steel. In the WM shown in Figure 4.2 (e) and (f), the principal microstructures 
were AF, polygonal grain boundary ferrite (PGBF), block ferrite (BF), and 
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Widmanstätten side plate ferrite (WSPF). AF was formed intragranularly, which results 
in randomly oriented short ferrite needles (Dallam et al., 1985). This interlocked nature 
as well as the fine grain size of the AF accounts for high toughness of the WM. Grains 
in the WM are mostly of coarse columnar structures and grow in a direction 
perpendicular to the WM/HAZ interface since this is a direction of the maximum 
temperature gradient and thus the maximum driving force for the solidification (Kou, 
1987). Figure 4.3 shows SEM micrographs of the WM and HAZ of as-polished welded 
joint. Inclusions (indicated by arrows) were observed. 
 
Figure 4.4 shows optical micrographs of WMs of SAW A709 Grade 50 steel joints 
produced using different heat inputs. Comparing these micrographs, it can be seen that 
the largest grains were obtained in the WM that was produced using the highest heat 
input. Figures 4.5 and 4.6 show the proportions of AF and GBF within the WMs, 
respectively. As can be seen from Figures 4.5 and 4.6, the high heat input appeared to 
slightly reduce the amount of AF within the WM and increase the amount of the GBF.  
 
Figure 4.7 shows optical micrographs of CGHAZ of SAW A709 Grade 50 steel joints 
produced using different heat inputs. As can be seen from the figure, high heat input 
resulted in coarser microstructures. The observations made in this study about how the 
microstructures of the WM and CGHAZ changed with heat input are consistent with 
many other previous works (Harrison and Farrar, 1987; Dallam et al., 1985; Kim et al., 
2005; Prasad and Dwivedi, 2008). 
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(a)
 
(b)
 
Figure 4.3. Secondary electron SEM micrographs from an as-polished welded joint: (a) 
the WM and (b) the HAZ. 
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(a)
 
500 µm
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Figure 4.4. Optical micrographs of the WMs of welded ASTM A709 Grade 50 steel 
joints produced using (a) 3.03 kJ/mm, (b) 3.43 kJ/mm, (c) 4.11 kJ/mm, and (d) 4.56 
kJ/mm heat input. 
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Figure 4.4 continued. 
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Figure 4.5. Proportion of acicular ferrite within the WM of welded A709 steel 
specimens. (T1: 3.03 kJ/mm, T2: 3.43 kJ/mm, T3: 4.11 kJ/mm, and T4 4.56 kJ/mm). 
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Figure 4.6. Proportion of grain boundary ferrite within the WM of welded A709 steel 
specimens. (T1: 3.03 kJ/mm, T2: 3.43 kJ/mm, T3: 4.11 kJ/mm, and T4 4.56 kJ/mm). 
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Figure 4.7. Optical micrographs of the CGHAZs of welded ASTM A709 Grade 50 steel 
joints produced using (a) 3.03 kJ/mm, (b) 3.43 kJ/mm, (c) 4.11 kJ/mm, and (d) 4.56 
kJ/mm heat input.  
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Figure 4.7 continued. 
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4.2 Effect of Heat Input on Weld Bead Geometry of ASTM A709 Grade 50 Steel 
Weld 
 
4.2.1 Weld Bead Geometry 
 
Figure 4.8 shows the effect of heat input on the penetration depth (P), HAZ size (H), 
bead width (W), bead reinforcement (R), contact angle (θ), penetration area (Ap'), 
deposition area (Ad'), and total molten area (At) obtained for the second pass of 
weldments. θ is the average of θ 1 and θ 2. Solid lines in the graphs are the fitted curves 
(trend lines), while dotted curves represent the variation tendency. Error bars are the 
standard deviation of the measurements. It can be seen that with the increase in heat 
input, P, H, W, R, Ap', Ad', and At (Figures 4.8(a)-(g)) increased, while θ (Figure 4.8 (h)) 
decreased. 
 
In a typical arc welding process, both plate and electrode melting are expected to 
increase with increasing heat input. Plate melting is related to the P, H and Ap', while 
weld bead shape and Ad' are related to electrode melting (Gunaraj and Murugan, 1999). 
High heat input would produce a large molten metal pool in the fusion zone and hence 
large Ap' as shown in Figure 4.8 (e). As cooling rate varies inversely with heat input, the 
molten metal would remain liquid metal for a long time at high heat input, causing deep 
penetration (P) and large heat transfer to parent metal. The latter of which would give 
rise to a large HAZ size (H). Therefore, as shown in Figure 4.8 (a), penetration 
increased with heat input for both single wire- and tandem wire-welded specimens. 
Compared to single wire welds the tandem wire-welded plates have higher heat input,  
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Figure 4.8. Effect of heat input on (a) penetration depth, (b) HAZ size, (c) bead width, 
(d) bead reinforcement, (e) penetration area, (f) deposition area, (g) total molten area, 
and (h) contact angle of A709 steel welded joints. 
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Figure 4.8 continued. 
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Figure 4.8 continued. 
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Figure 4.8 continued. 
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although, much higher welding speed was used during the welding process (See Table 
3.4). According to the work of Yang (2008) who studied single-wire SAW, the effect of 
welding speed on penetration is greater than that of welding current. Therefore, it makes 
sense that the penetration depth of plates welded with a heat input of 4.11 kJ/mm was 
lower than that of plates welded with the heat input of 3.43 kJ/mm. However, with 
further increase heat input to 4.56 kJ/mm, the penetration of tandem wire-welded plates 
increased. The same trend was observed for the HAZ size as shown in Figure 4.8 (b). 
 
Increased electrode melting resulting from increase of heat input would change the weld 
bead shape parameters such as W, R and θ. To explore how heat input affected them, we 
made a simple assumption that the shape of the top surface of deposition area (Ad') in 
Figure 3.6 is an isosceles triangle with R as its height. Then using trigonometric 
relations and area formula, we obtained a relationship between Ad, R, W, and θ. For a 
right-angled triangle,  
 
 RWAd
2
1
=  ⇒ 
W
A
R d
2
=  (4.1) 
 
where Ad = Ad' - Ab, was the same for all the plates and represents the cross-sectional 
area of bevelled section. For an isosceles triangle with θ as its exterior angle, we have 
 
 
( )
( )2
180tan
W
R
θ =−  ⇒ 
( )
2
180tan θW
R
−×
=   (4.2) 
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Since Ad increased with increasing heat input, it is clear from equation (4.1) that R 
would also increase with it. Figure 4.8 (d) shows that R increased with heat input, but θ 
decreased with it because the value of tan (180-θ) decreases with increasing θ. 
Therefore, as shown in Figure 4.8 (h), contact angle θ decreased with increasing heat 
input.  
 
4.2.2 Percent Dilution and Melting Efficiencies 
 
The fusion area is controlled by the bead width-to-depth ratio, W/(R+P) (Chakravarti et 
al., 1985). This ratio is an important parameter for assessing the quality of a welded 
joint. It relates to the percentage dilution. Figure 4.9 shows the effect of heat input on 
the bead width-to-depth ratio. As can be seen, it varied very little with increasing heat 
input.  
 
Percent dilution was calculated using equation (4.3) (Lancaster, 1999): 
 
 100100
metal fused of weight total
 melted metalparent  ofweight 
Dilution %
'
×=×=
t
p
A
A
 (4.3) 
 
where Ap' and At keep the original meanings. Figure 4.10 shows the effect of heat input 
on percent dilution for the steel welds. The average percent dilution obtained in this 
study was 57%, which is in a reasonable agreement with the value reported in (Clark, 
1985). As can be seen from the figure, it is reasonable to conclude that percent dilution 
remained practically unchanged as heat input increased. This behavior is similar to the 
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Figure 4.9. Effect of heat input on the ratio of bead width to depth. 
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Figure 4.10. Effect of heat input on percent dilution of A709 steel welded joints. 
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relationship between bead width-to-depth ratio and heat input. The practical implication 
of this is that it could be possible to predict the relationship between percent dilution and 
heat input from the bead width-to-depth ratio versus heat input plot. 
 
The effect of heat input on plate melting, electrode melting, and total melting 
efficiencies (Epm, Eem, and Etm, respectively) is shown in Figure 4.11. In this work, these 
melting efficiencies were calculated using the equations developed in (Chandel, 1990). 
 
 
HI10000854.0
100
(%)
'
×
= dem
A
E  (4.4) 
 
 
HI10000854.0
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(%)
'
×
=
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HI10000854.0
100
(%)
×
= ttm
A
E  (4.6) 
 
where Ad', Ap', At and HI retain their original meanings.  
 
The results show that Eem increased from 23% to 28% for the single wire welding while 
it remained practically at approximately 25% for the tandem wire welding. For the SAW 
process, electrode melting is mainly affected by welding current, welding speed, 
electrode diameter, electrode polarity, and electrode extension. For bead-on-plate 
welding, it was reported that Eem increased with increasing welding current when other  
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Figure 4.11. Effect of heat input on (a) plate melting efficiency and (b) electrode melting 
efficiency of A709 steel welded joints. 
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Figure 4.11 continued. 
 
 
parameters remain unchanged (Lee et al. 2000, Chandel, 1990). The Eem of T2 was 
greater than that of T1 because its welding current was higher than that of T1. 
According to this line of argument, the Eem of T3 and T4 should be higher than that of 
T1 and T2 because the welding currents and heat inputs used for them were higher than 
those of T1 and T2. However, the results showed that Eem of T3 and T4 was lower than 
that of T2 but higher than that of T1. The plausible reason is that the higher welding 
speed used for T3 and T4 led to lower Eem in this study. The welding speed of T3 and T4 
were much higher than those of T1 and T2. Thus the combined effects of high heat input 
and the high welding speed could be either increased or reduced Eem. 
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Epm, with values that ranged from 33% to 34.5%, did not change appreciably with heat 
input for both single wire and tandem wire welding. It was reported in (Lee et al. 2000) 
that Epm increased with welding current, but decreased with welding speed. As shown in 
Table 3, the welding current and welding speed of T4 were higher than those of T1. The 
net effect of the increase in both welding current and welding speed was that Epm did not 
change appreciably with heat input. 
 
Etm varied from 56% to 63% for the single-wire welding, but changed only slightly for 
the tandem wire welding. Although, Etm is the sum of Eem and Epm, it appears from this 
study that Epm had a greater influence on it than Eem. 
 
4.3 Effect of Heat Input on the Transverse Hardness of ASTM A709 Grade 50 
Steel Weld 
 
Figure 4.12 (a)-(d) shows the variation of hardness with distance from the weld center 
for welded ASTM A709 Grade 50 steel specimens produced using different heat inputs. 
It can be seen that the hardness of the welded joints decreased from the CGHAZ to the 
PM. In the CGHAZ, the hardness dropped from the area near the weld interface to the 
FGHAZ. On the contrary, the hardness of the WM did not change much. By calculating 
the average hardness values in each zone, it was found that the WM had the highest 
hardness, followed by CGHAZ, FGHAZ, and the PM. Yang (2008) also reported the 
same trend in the variation of hardness with distance from the weld center for ASTM 
A709 Grade 50 steel and ASME SA516 Grade 70 steel. 
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Figure 4.12. Variation of microhardness with distance from the weld center for the 
specimens produced using (a) 3.03 kJ/mm, (b) 3.43 kJ/mm, (c) 4.11 kJ/mm, and (d) 4.56 
kJ/mm heat input. 
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Figure 4.12 continued. 
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The trend of hardness variation with the distance from the weld center can be explained 
by looking at the microstructures of each zone (see Figure 4.2). The WM has the highest 
hardness due to the presence of a large quantity of acicular ferrite. As a result of high 
cooling rate in the CGHAZ near the weld interface, bainite or pearlite could form in this 
zone. So, the hardness of the CGHAZ near the weld interface was very close or even 
higher than that of the WM. Compared to the PM, the microconstituents within FGHAZ 
are the same as those in the PM, except that the grain size of these microconstituents in 
the FGHAZ is smaller than those of the PM. Thus, the hardness of the FGHAZ is 
generally greater than that of the PM but lower than that of the CGHAZ.  
 
Figure 4.13 presents the variation of the average hardness of the WM, CGHAZ, FGHAZ 
and PM with heat input. With an increase in heat input from 3.03 to 4.56 kJ/mm, the 
mean hardness increased by ~14% in the WM, but did not change appreciably in the 
CGHAZ, FGHAZ and PM. 
 
It was reported that an increase in heat input reduced the hardness of WM because of the 
increase in volume fraction of ferrite (Viano et al., 2000) or coarsening of ferrite 
(Yurioka et al., 1987; Neves and Loureiro, 2004). However, in the present study, the 
measured WM hardness increased even when there was coarsening of ferrite and a slight 
increase in the volume fraction of grain boundary ferrite in the WM. The reason is 
unknown and necessitates further investigations. Previous research showed that high 
heat input led to a decrease in hardness of the CGHAZ because the low cooling rate 
associated with it reduced the amount of martensite formed (Moeinifar et al., 2011). 
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Figure 4.13. Variation of average hardness with heat input: (a) WM, (b) CGHAZ, (c) 
FGHAZ and (d) PM. 
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Figure 4.13 continued. 
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However, in the present study, the carbon contents of the parent metal and the electrode 
were 0.07 wt.% and 0.1 wt.%, respectively, and so no martensite formed (Figure 4.7). 
Therefore, the hardness of the CGHAZ did not change much with increase in heat input 
(the error bars overlapped). The reason why heat input had little effect on the hardness 
of the PM and FGHAZ could be because under different heat input conditions the 
cooling rate of the FGHAZ remained virtually unchanged due to its relatively long 
distance from the WM, and in the PM there was no metallurgical change during the 
welding process. 
 
4.4 Effect of Heat Input on Tensile Properties of ASTM A709 Grade 50 Steel 
Weld 
 
Typical stress-strain plots obtained for unnotched and notched tensile test specimens of 
the PM of the ASTM A709 Grade 50 steel are shown in Figure 4.14. The mechanical 
properties extracted from the plots are summarized in Table 4.1. The average tensile 
strength of the unnotched specimens of ASTM A709 Grade 50 steel was 496.7 MPa in 
the longitudinal direction, and 502.7 MPa in the transverse direction. Therefore, there is 
no appreciable difference in strength between the two directions. Typical values of the 
fatigue limit for steels are around 50%-60% of the tensile strength. Based on the average 
tensile strength obtained from the tensile tests, the applied minimum reversed stress in 
the fatigue test would be between 250 MPa and 300 MPa. 
 
For the notched specimens, the average percent elongation was 16.1% and the average 
area reduction was 38.9%. The yield and ultimate strengths of the notched specimens 
were higher than those of unnotched specimens. This was because the cross-sectional 
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Figure 4.14. Typical stress-strain curves obtained for ASTM A709 Grade 50 steel tensile 
specimens. 
 
Table 4.1. Summary of tensile properties. 
 
Specimens 
Elongation in 2” 
(%) 
Area Reduction 
(%) 
Yield Strength, 
offset 0.2% (MPa) 
Ultimate Tensile 
strength (MPa) 
Ave. S.d. Ave. S.d. Ave. S.d. Ave. S.d. 
PM_L 36.01 0.08 72.18 0.27 362.29 3.55 496.66 2.13 
PM_T 35.43 1.10 71.02 1.42 366.78 0.73 502.70 0.27 
PM_N 16.09 0.15 38.90 1.36 432.57 4.23 591.46 4.40 
Ave. = Average value, S.d. = Standard deviation, PM_L = Unnotched specimens in 
longitudinal direction, PM_T = Unnotched specimens in transverse direction, PM_N = 
Notched specimens in transverse direction. 
 
area of the notched specimens outside the notch was larger than that of the unnotched 
specimens (see Figure 3.11) and so the notched specimens could handle more load than 
the unnotched ones. However, the loads dropped very quickly once the maximum load 
was reached because of the stress raiser provided by the notch as shown in Figure 4.14. 
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Figure 4.15 shows typical stress-strain curves for transverse specimens submerged arc 
welded with four different heat inputs. A comparison of the tensile and yield strengths 
of the parent metal and welded specimens is shown in Figure 4.16. It can be seen from 
these figures that both the tensile and yield strengths remained practically unchanged as 
heat input increased. The tensile strength of welded and unwelded specimens varied 
from 485 MPa to 503 MPa, while the yield strength changed from 367 MPa to 394 MPa. 
A comparison of the percent elongation of the parent metal and welded specimens is 
shown in Figure 4.17. The elongation of the welded specimen was a combination of the 
elongation of the welded joint and that of the parent metal. The elongation of the WM 
and HAZ regions was less than that of the parent metal (Yang, 2008). Therefore, the 
elongation of the welded specimen was less than that of the parent metal.  
 
Typical fracture locations on the parent metal and welded tensile specimens are shown 
in Figures 4.18 and 4.19, respectively. By etching with 5% Nital, the WM zones of the 
welded specimens were revealed. It could be observed that all the specimens fractured in 
the parent metal. Since all the welded specimens broke in the parent metal, it makes 
sense that the tensile and yield strengths of welded specimens were almost the same as 
those of the unwelded parent metal specimens. Yang (2008) and Hall (2010) also 
observed that the fracture occurred in the PM of the transverse weld tensile specimens. 
However, Prasad and Dwivedi (2008) found the transverse tensile specimens broke in 
the WM for the SAW HSLA steel, as the WM was weaker than the HAZ and PM. 
Neves and Loureiro (2004) found the specimens failed in the HAZ for the SAW steel 
RQT 601 because the HAZ of the welds was in the undermatch condition. 
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Figure 4.15. Typical stress-strain curves of SAW welded A709 Grade 50 steel: (a) 
stress-strain curves of welded specimens with different heat input and (b) expanded 
view of (a). 
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Figure 4.16. Tensile and yield strengths of welded/unwelded specimens. 
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Figure 4.17. Percent elongation of welded/unwelded specimens. 
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Figure 4.18. Fractured unnotched tensile specimens of the PM. 
 
Weld
 
Figure 4.19. Fractured welded tensile specimens.  
 
Typical SEM micrographs of fracture surfaces of tensile specimens for the PM and 
transverse welded joints are shown in Figure 4.20. As can be seen, for both the PM and 
welded specimens, similar ductile fracture surfaces were observed and consisted of 
many spherical dimples and some inclusions. Prasad and Dwivedi (2008) studied the 
SEM gractographs of tensile fractured surfaces which located in the WM and showed 
that the increase in the heat input increased area fraction of ductile fracture. 
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Figure 4.20. Typical SEM micrographs of fracture surfaces of tensile specimens: (a) the 
PM and (b) welded specimen (T1). 
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4.5 Fatigue Properties of ASTM A709 Grade 50 Steel and its Welds 
 
High-cycle fatigue testing for unwelded (including unnotched and notched) and welded 
ASTM A709 Grade 50 steel was performed by a cantilever-type rotating bending fatigue 
machine operating at a frequency of 120 Hz at room and sub-zero temperatures (-20 °C 
and -30 °C) in laboratory air. Since the tensile strength (σu) of ASTM A709 Grade 50 
steel was approximately 500 MPa and the estimated fatigue limit was between 250 MPa 
and 300 MPa, stress amplitudes (σa) varying from 250 MPa (50% of σu) to 425 MPa 
(85% of σu) were applied for the fatigue testing, and the mean stress (σm) was 0. 
 
4.5.1 Fatigue Properties of A709 Steel at Room Temperature 
 
Figure 4.21 shows the stress amplitude (σa) vs number of cycles to failure (Nf), i.e., S-N 
curve, for ASTM A709 Grade 50 steel. It can be seen that at first the stress amplitude 
rapidly dropped as the number of cycles increased, but the curve then flattened out and a 
small decrease in stress amplitude produced a large increase in number of cycles to 
failure. Generally, S-N curve can be expressed by a Basquin-type of relationship 
(Dowling, 1999):  
 
 ( )bffa Nσσ ′=  (4.7) 
 
where σ'f is the fatigue strength coefficient and b the fatigue strength exponent. The 
values of σ'f = 871.78 MPa and b = -0.070 were obtained from regression analysis of the  
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Figure 4.21. S-N plot for unnotched ASTM A709 Grade 50 steel specimens tested at 
room temperature. 
 
S-N data shown in Figure 4.21. The test run-outs were excluded from the regression 
analysis (Chen et al., 2007). This is close to results reported by Chen et al. (2007) that 
σ'f = 851 MPa and b = -0.069 for ASTM A709 Grade 70W steel, another steel grade in 
the A709 series. 
 
The fatigue limit (or endurance limit) (σn) is defined as the stress amplitude level below 
which fatigue failure would not ordinarily take place (Dowling, 1999). As illustrated in 
Figure 4.21, two run-outs and one failure at about 3.7×106 cycles were obtained at the 
stress amplitude of 309 MPa and three run-outs at 293 MPa, indicating that the fatigue 
limit was between 293 MPa and 309 MPa. The endurance ratio (σn/σu) was about 0.6. 
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Another method for determining fatigue limit of steels and alloys is to use the fatigue 
strength at 2×106 cycles (Gurney, 1968; Magudeeswaran et al., 2007; Miki et al., 2002). 
According to this method, a fatigue limit of 315 MPa was obtained for ASTM A709 
Grade 50 steel, which is close to the range of 293 MPa to 309 MPa obtained in the 
present study.  
 
The total fatigue life, shown in Figure 4.21, actually, is the sum of number of cycle for 
fatigue crack initiation and fatigue crack propagation (Pook, 2007). However, most of 
the lives of metallic specimens are associated with the crack initiation stage (Frost, 
1999; Pook, 2007). For small specimens, near the fatigue limit, up to 90% of the fatigue 
life is contributed by crack initiation, while at high stress amplitude levels, crack 
propagation becomes important.  
 
Typical SEM fractographs obtained from the fracture surface of a typical fatigue 
specimen of the parent metal of ASTM A709 Grade 50 steel, which failed at 3.7×106 
cycles at the stress amplitude of 309 MPa, are shown in Figure 4.22. Fatigue failure 
usually occurs in three stages, namely, crack initiation, crack propagation and fracture. 
The fatigue crack propagation stage (area 1) and fracture stage (area 2) are identified in 
Figure 4.22 (a). Striations shown in Figure 4.22 (b) were the main features of the crack 
propagation stage and revealed the presence of marks left by the progress of the fatigue 
fracture from every cycle. By counting the number of striations within given certain 
length, average striation spacing values within the counting area were obtained (see 
Figure 4.22 (b)). Figure 4.22 (c) shows a dimple rupture, which was the feature of the 
last stage of the fatigue failure.  
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Figure 4.22. Secondary electron SEM fractographs obtained from the fracture surface of 
a fatigue specimen of the parent metal tested at room temperature: (a) an overview 
showing area 1, crack propagation stage and area 2, fracture stage, (b) fracture surface 
within area 1, and (c) fracture surface within area 2. 
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Figure 4.22 continued. 
 
Figure 4.23 shows optical macrographs of fracture surfaces of fatigue specimens of the 
parent metal tested under different stress amplitude levels. As can be seen, the fracture 
surface of specimens tested under low stress amplitude condition was rougher than that 
of specimens tested at high stress amplitude. Additional SEM fractographs and optical 
macrographs of fracture surfaces of fatigue specimens are presented in Appendix B. 
 
4.5.2 Effect of Notch on Fatigue Properties of A709 Steel at Room Temperature  
 
Figure 4.24 shows S-N curves for the unnotched and notched specimens of the parent 
metal of ASTM A709 Grade 50 steel. The stress amplitude of the notched specimens 
was calculated by the nominal stress without consideration of the stress concentration 
effects. The values of σ'f = 1471.1 MPa and b = -0.144 were obtained for S-N curve of  
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Figure 4.23. Optical macrographs showing fracture surfaces of fatigue specimens of the 
parent metal of ASTM A709 Grade 50 steel: (a) failed at 2.6×104 cycles at the stress 
amplitude of 426 MPa, (b) failed at 2.4×105 cycles at the stress amplitude of 373 MPa, 
and (c) failed at 2.3×106 cycles at the stress amplitude of 325 MPa. 
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Figure 4.24. S-N plots for unnotched and notched ASTM A709 Grade 50 steel 
specimens at room temperature. 
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the notched specimens (Table 4.2). There were two run-outs and one failure at about 
4.0×106 cycles at a stress amplitude of 165 MPa and three run-outs at 180 MPa, 
suggesting that the fatigue limit of notched specimens was between 165 MPa and 180 
MPa. 
 
Compared to the unnotched specimens of the parent metal, the notched ones had shorter 
fatigue life at the same stress amplitude. Fatigue strengths at 2×106 cycles for unnotched 
and notched specimens were 315.7 MPa and 190.8 MPa, respectively (Table 4.2). This 
indicates that the fatigue stress concentration factor was Kf = 315.7 MPa / 182.1 MPa = 
1.73, which is close to the calculated fatigue stress concentration factor of 1.79 (see 
Appendix A). 
 
The fatigue life of the notched specimen represents the sum of the number of cycles 
required to initiate a fatigue crack and the number of cycles required to propagate it to 
final failure. For small stress concentration factors, Kt, fatigue life is dominated by crack 
initiation, just like the unnotched specimen. For large Kt, notch root might be the site of 
initiation of a fatigue crack, and thus fatigue life is then dominated by fatigue crack 
propagation. 
 
Typical SEM images obtained from a fracture surface of a notched fatigue specimen of 
the parent metal are shown in Figure 4.25. Optical micrographs of fracture surfaces for 
notched specimens tested at different stress amplitude levels are shown in Figure 4.26. 
Fatigue crack propagation stage (area 1) and fracture stage (area 2) can be identified in  
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Figure 4.25. Typical secondary electron SEM fractographs from a fracture surface of 
notched fatigue specimen of the parent metal at room temperature: (a) an overall look 
showing crack propagation stage and fracture stage, (b) fatigue fracture surface showing 
striations, and (c) ductile fracture surface. 
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Figure 4.25 continued. 
 
Table 4.2. Fatigue properties of unnotched and notched specimens obtained at room 
teperature. 
 
Specimens 
Fatigue strength 
coefficient, σ'f (MPa) 
Fatigue strength 
exponent, b 
Fatigue strength at 
2×106 cycles (MPa) 
PM (unnotched) 871.78 -0.070 315.7 
PM (notched) 1471.1 -0.144 182.1 
 
Figure 4.25 (a). Crack nucleation occurred at several locations, which could be observed 
in Figure 4.26. Figure 4.25 (b) shows a typical topography having radial ridge pattern 
parallel to the crack propagation direction. The striations shown in Figure 4.25 (b) had 
an average striation spacing of 1.07 µm. A ductile rupture, which is the last stage of 
fatigue failure, is shown in Figure 4.25 (c). 
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Figure 4.26. Fracture surfaces of notched fatigue specimens: (a) failed at 1.8×104 cycles 
at the stress amplitude of 352 MPa, (b) failed at 5.2×105 cycles at the stress amplitude of 
213 MPa, and (c) failed at 1.4×106 cycles at the stress amplitude of 197 MPa. 
 
4.5.3 Effect of Heat Input on Fatigue Properties of Welded A709 Steel at Room 
Temperature  
 
The S-N curves obtained at room temperature for welded specimens produced using four 
different heat inputs are shown in Figure 4.27. The values of constants σ'f and b obtained 
from these S-N curves are summarized in Table 4.3. The fatigue strengths of the welded 
specimens at 2×106 cycles are also listed in Table 4.3. As can be seen in Table 4.3, the 
fatigue strength of the welded specimens changed slightly from that of the unwelded 
PM, suggesting that heat input did not have an appreciable effect on the fatigue strength 
of SAW ASTM A709 Grade 50 steel joints at room temperature. Previous research 
works have shown that the fatigue strength of welded steel joints was appreciably 
affected by the weld bead geometry (Gurney, 1968; Ninh and Wahab, 1995a; Ninh and 
Wahab, 1995b; Ninh and Wahab, 1998; Lee et al., 2009). However, weld bead geometry 
did not play a role in this study because of the way the welded fatigue specimens were 
cut off from the welded plates. As shown in Figure 3.14, the welded fatigue specimens 
were machined from the second side of welded plates and included the WM, HAZ and  
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Figure 4.27. S-N plots for welded ASTM A709 Grade 50 steel specimens at room 
temperature: (a) T1, (b) T2, (c) T3, and (d) T4. 
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Figure 4.27 continued. 
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Table 4.3. Fatigue strengths of parent metal specimens and welded specimens at room 
temperature. 
 
Specimens 
Fatigue strength 
coefficient, σ'f 
(MPa) 
Fatigue strength 
exponent, b 
Fatigue strength 
at 2×106 cycles 
(MPa) 
Fatigue strength 
difference 
(%) 
PM 
(unnotched) 
871.78 -0.070 315.7 - 
T1 1012.6 -0.077 331.3 4.94% 
T2 1082.9 -0.085 315.5 0.00% 
T3 1052.2 -0.081 324.9 2.91% 
T4 989.49 -0.080 310.0 -1.81% 
 
PM. Previous works also showed that the fatigue strength of welded joints also 
depended on material properties such as microstructure, hardness, and tensile strength 
(Forrest, 1962; Jang et al., 2010). It was found in this study that most welded fatigue 
specimens failed in the FGHAZ. For different heat inputs, the microstructure and 
hardness of the HAZ did not change appreciably. So this might be another reason why 
heat input had only slight effect on the fatigue strength of SAW ASTM A709 Grade 50 
steel joints at room temperature in this study. 
 
Typical secondary electron SEM images obtained from the fracture surface of a fatigue 
specimen produced using a heat input of 3.03 kJ/mm are shown in Figure 4.28. Fatigue 
crack propagation stage (area 1) and fracture stage (area 2) could be readily identified in 
Figure 4.28 (a). Figure 4.28 (b) shows the transition from fatigue crack propagation 
stage to the final ductile fracture stage. Figure 4.28 (c) shows fatigue crack growth 
around an inclusion. Figure 4.29 shows optical macrographs of fracture surfaces of 
fatigue specimens of plate T1 tested under different stress amplitude levels. The fracture  
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Figure 4.28. Secondary electron SEM micrographs from a fracture surface of welded 
fatigue specimen (T1) at room temperature: (a) low magnification image showing crack 
propagation stage and fracture stage, (b) transition from fatigue fracture to dimple 
fracture, and (c) fracture surface showing striations. 
 99 
 
Figure 4.28 continued. 
 
 
 
Figure 4.29. Optical macrographs showing fracture surfaces of fatigue specimens of 
plate T1: (a) failed at 1.3×104 cycles at the stress amplitude of 426 MPa, (b) failed at 
3.3×105 cycles at the stress amplitude of 373 MPa, and (c) failed at 2.0×106 cycles at the 
stress amplitude of 325 MPa. 
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surface of specimen tested under high stress amplitude was flatter than those of 
specimen tested under low stress amplitudes. More SEM images of fracture surfaces of 
welded fatigue specimens are presented in Appendix B.  
 
To further understand where the fatigue crack started, a cross-session including the 
fracture surface as the top was cut from the ruptured fatigue specimen, polished, etched 
and examined in a Nikon MA100 optical microscope. Figure 4.30 shows the micrograph 
of the section. On close examination, it was found that fatigue crack initiation, 
propagation and final rupture occurred in the FGHAZ. A few other fracture specimens 
examined showed that fatigue failure took place in the FGHAZ. 
 
4.5.4 Effect of Sub-zero Temperatures on Fatigue Properties of Parent Metal and 
Welded A709 Steel  
 
The S-N plots obtained from fatigue testing at -20 °C of specimen of unnotched parent 
metal, notched parent metal and welded joints are shown in Figure 4.31. It can be seen 
from Figure 4.31 that the fatigue strengths of all the specimens were generally higher at 
-20 °C than at room temperature. Figure 4.32 shows the fatigue test data obtained at -20 
°C and -30 °C for unnotched parent metal, notched parent metal and welded specimens. 
With a decrease in temperature from -20 °C to -30 °C, the fatigue strength of the tested 
specimens increased appreciably. A comparison of the fatigue strengths at 2×106 cycles 
for both parent metal and welded specimens at room temperature, -20 °C and -30 °C are 
shown in Figure 4.33. The ratio of fatigue strengths of the specimens tested at -20 °C 
and -30 °C to the fatigue strength at room temperature is summarized in Table 4.4. As  
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Final Fracture Crack Propagation
Fracture Surface
 
Figure 4.30. Micrograph showing the location where fatigue crack occurred. 
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Figure 4.31. S-N plots for welded A709 steel specimens tested at room temperature and -
20 °C: (a) unnotched PM, (b) notched PM, (c) plate T1, (d) plate T2, (e) plate T3, and 
(f) plate T4. 
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Figure 4.31 continued. 
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Figure 4.31 continued. 
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Figure 4.31 continued. 
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Figure 4.32. S-N plots for welded A709 steel specimens tested at -20 °C and -30 °C: (a) 
unnotched PM, (b) notched PM, (c) plate T1, (d) plate T2, (e) plate T3, and (f) plate T4. 
(Note: only one or two specimens were test at each stress amplitude level at -30 °C) 
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Figure 4.32 continued. 
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Figure 4.32 continued. 
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Figure 4.32 continued. 
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Figure 4.33. Comparison of fatigue strength at 2×106 cycles for different specimens at 
room temperature, -20 °C, and -30 °C. 
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Table 4.4. A comparison of fatigue limit at sub-zero temperatures with fatigue limit at 
room temperature. 
 
Specimens 
re temperaturoomat limit  Fatigue
C20-at limit  Fatigue o
 
re temperaturoomat limit  Fatigue
C30-at limit  Fatigue o
 
PM (unnotched) 1.066 1.103 
PM (notched) 1.067 1.191 
T1 1.046 1.060 
T2 1.115 1.155 
T3 1.102 1.094 
T4 1.120 1.168 
 
 
can be seen from Figure 4.33 and Table 4.4, heat input did not have appreciable effect 
on the fatigue strength of welded A709 steel joints at -20 °C and -30 °C, which is 
consistent with that at room temperature discussed in Section 4.5.3. From Figures 4.31 - 
4.33, the general observation is that the fatigue strength of unnotched parent metal, 
notched parent metal and welded specimens increased with a reduction in temperature. 
This is consistent with many other works (Forrest, 1962; Frost et al., 1999). 
 
The values of constants σ'f and b obtained from S-N curves obtained from tests at -20 °C 
and -30 °C are summarized in Table 4.5. An approximate relationship between the 
fatigue strength exponent b and the cyclic strain hardening coefficient n' was suggested 
in (Lefebvre and Ellyin, 1984): 
 
 )51/( nnb ′+′−≈  (4.8) 
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Table 4.5. Values of σ'f and b for the specimens at -20 °C and -30 °C. 
 
Temperature Specimens 
Fatigue strength 
coefficient, σ'f (MPa) 
Fatigue strength 
exponent, b 
-20 °C 
PM (unnotched) 852.07 -0.064 
PM (notched) 1788.7 -0.153 
T1 1059.4 -0.077 
T2 877.53 -0.063 
T3 960.03 -0.068 
T4 917.76 -0.067 
-30 °C 
PM (unnotched) 1080.1 -0.078 
PM (notched) 1804.0 -0.146 
T1 1393.8 -0.095 
T2 1066.3 -0.074 
T3 1134.1 -0.080 
T4 839.79 -0.058 
 
 
Figure 4.34 shows the estimated cyclic strain hardening coefficients using equation (4.8) 
for both parent metal and welded specimens at room temperature and -20 °C. Values of 
n' were in the range from 0.09 to 0.15, which was close to the typical range of 0.1 to 0.2 
for engineering metals (Dowling, 1999). As can be seen from Figure 4.34, n' decreased 
with a decrease in temperature from room temperature to -20 °C. This result is 
consistent with the previous work of Lucas and Gerberich (1981). Those authors studied 
effect of low temperature on the cyclic strain hardening exponent of HSLA steel and 
found cyclic strain hardening exponent decreased with decreasing temperature.  
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Figure 4.34. Cyclic strain hardening coefficient values for parent metal and welded 
specimens at room temperature and -20 °C. 
 
 
Typical secondary electron SEM images obtained from a fracture surface of a fatigue 
specimen of plate T1 tested at -20 °C are shown in Figure 4.35. Fatigue crack 
propagation stage (area 1) and fracture stage (area 2) can be readily identified in Figure 
4.35 (a). Figures 4.35 (b) and (c) show the magnified area 1 (fatigue fracture) and area 2 
(dimple rupture). Some areas of the fracture surface were so damaged that most of 
striations were indiscernible. As highlighted using dotted curves in Figure 4.35 (d), only 
small regions of undamaged striations remained. 
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Figure 4.35. Secondary electron SEM micrographs from a fracture surface of a fatigue 
specimen of plate T1 tested at -20 °C: (a) low magnification image showing crack 
propagation stage and fracture stage, (b) fracture surface showing striations, (c) ductile 
fracture surface, and (d) partial damaged fracture surface showing some discernable 
striations. 
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Figure 4.35 continued. 
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CHAPTER 5  
CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Conclusions 
 
This study investigated the effect of heat input on the mechanical and fatigue properties 
of the ASTM A709 Grade 50 steel weld. Based on the analysis of the results obtained in 
Chapter 4, the following main conclusions can be drawn. 
 
(1) Heat input had a strong effect on the microstructure of the weld. High heat input 
increased the amount of the grain boundary ferrite and slightly reduced the 
amount of acicular ferrite within the WM. In the CGHAZ, high heat input 
resulted in coarser microstructures. 
 
(2) Heat input had an appreciable effect on the weld bead geometry of the ASTM 
A709 Grade 50 steel weld. With an increase in heat input, the following weld 
bead parameters increased: penetration depth, HAZ size, bead width, bead 
reinforcement, penetration area, and deposition area. However, the contact angle 
decreased with increasing heat input. Electrode melting efficiency increased with 
increasing heat input for single wire welding, but the plate melting efficiency did 
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not change much for both single wire and tandem wire welding. Percent dilution 
did not change much with heat input. 
 
(3) The hardness of the ASTM A709 Grade 50 steel weld was different from zone to 
zone due to the microstructures formed in the different zones. The hardness 
decreased with increasing distance from the center of the WM. The WM had the 
highest hardness, while the PM the lowest hardness. Heat input had little effect 
on the hardness of the PM and the FGHAZ; however, the hardness of the 
CGHAZ and the WM increased with increasing heat input. 
 
(4) The tensile and yield strengths of ASTM A709 Grade 50 steel weld did do not 
change appreciably with increasing heat input. They were almost the same as 
those of parent metal samples because all the welded specimens failed in the PM 
during tensile testing. 
 
(5) At room temperature, the fatigue limit of ASTM A709 Grade 50 steel was 
approximately 315 MPa. The welded specimens showed similar fatigue limits 
with the parent material specimens, which indicates that heat input affected the 
fatigue life of ASTM A709 Grade 50 steel weld only slightly.  
 
(6) The fatigue limit of ASTM A709 Grade 50 steel and its weld increased with a 
reduction in test temperature. Therefore, on the basis of the results obtained in 
this study, a design based on room temperature fatigue data would be safe for the 
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use at the low temperatures tested. Heat input did not have much effect on the 
fatigue strength of ASTM A709 Grade 50 steel welds at -20 °C and -30 °C. 
 
(7) Notched specimens of the PM had lower fatigue limit than unnotched specimens 
at the same stress amplitude at room temperature, -20 °C and -30 °C.  
 
5.2 Limitations and Recommendations  
 
(1) All the tensile test specimens broke in the PM because the PM had the lowest 
strength of all the weld zones. The actual yield and tensile strengths of the WM 
could not be obtained. To investigate the effect of heat input on the strength and 
ductility of the WM, it is suggested that small-sized tensile specimens be 
machined from the WM. 
 
(2) With an increase in heat input, coarsening and a slight increase in volume 
fraction of grain boundary ferrite in the WM was observed. However, the 
hardness of the WM increased. The reason for the discrepancy is unknown and 
requires further investigation.  
 
(3) The data obtained showed that heat input affected the weld bead geometry 
which, in turn, may affect the fatigue strength of the ASTM A709 Grade 50 steel 
weld in real life applications. In this study, the way the fatigue specimens were 
cut from the welded plates made it impossible to investigate the effect of weld 
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bead geometry on the fatigue properties of the welded joints. A new way of 
machining specimens from the welded plates is required to investigate the effect 
of weld bead geometry on the fatigue behavior of the ASTM A709 Grade 50 
steel weld. 
 
(4) It will be informative to conduct tensile testing at the sub-zero temperatures used 
in this study. This will help to clarify how the stain-hardening exponent, n, 
changes with decreasing temperature in the PM and the welds.  
 
(5) Only one or two fatigue specimens were tested at each stress amplitude level at   
-30 °C in this study because either the motor or the weight was frozen once the 
temperature reached -30 °C. To obtain more accurate S-N curves at -30 °C, more 
fatigue testing is required. 
 
(6) The SEM images showed evidence of the presence of inclusions. It will be 
informative to know the chemical compositions of these inclusions using an 
SEM equipped with energy dispersive X-ray spectroscopy (EDS). 
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APPENDIX A1  
STRESS CONCENTRATION FACTOR OF A DOUBLE BUTT WELD 
 
The fatigue stress concentration (Kf) of a double butt weld could be estimated by 
Peterson’s Equation (Socie, 2002): 
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where Kf is fatigue stress concentration, Kt stress concentration, α (mm) a material 
parameter, and ρ (mm) weld toe radius. Kt depends on weld bead parameters the contact 
angle (θ), plate thickness (t), and local weld toe radius (ρ), as shown in Figure A.1. With 
decreasing θ, stress concentration Kt increased. Since θ varies from 120° to 170° (refer 
to weld bead geometry measurement results), when θ = 120°, the maximum Kt is 
obtained. For ρ, there is a critical value that will result in the maximum Kf. This critical 
radius is equal to the material parameter α. Kt and α can be obtained by (Dowling, 1999) 
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where β = 0.2 for bending, t (mm) is plate thickness, and σT (MPa) is ultimate tensile 
stress. 
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t
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Figure A.1. A schematic diagram showing on the contact angle (θ), plate thickness (t), 
and local weld toe radius (ρ). 
 
For the weld plates used in this study, σT = 500 MPa and t = 20 mm. Then,  
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APPENDIX A2  
FATIGUE STRESS CONCENTRATION FACTOR OF NOTCHED 
CYLINDRICAL BAR 
 
Cylindrical specimens with circumferential V-notch were used to study the effect of 
stress concentration on the fatigue properties. The notch, shown in Figure A.2, was 1 
mm deep with an included angle of 60°, and a root radius of 0.34 mm.  
 
The stress concentration factor (Kt) was estimated by a calculator provided by 
(https://www.efatigue.com/constantamplitude/stressconcentration/). Nominal stresses 
are based on the net cross section. As shown in Figure A.3, under bending loading 
condition, Kt = 2.25 was ontained. 
 
The effective stress concentration in fatigue is less than that predicted by the stress 
concentration factor, Kt. This effective stress concentration factor is called the fatigue 
notch factor, Kf. The variation between Kf and Kt is dependent on the size of the notch 
and strength of the material. A material that is very sensitive to notches will have Kf 
equal to Kt. If the material is very insensitive to notches, Kf will be close to 1 (Socie, 
2002). For steel, Kf can be estimated by equation (A.1). Then Kf could be obtained: 
69.1
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Figure A.2. Notch details of V-notched cylindrical fatigue specimen, with a = 3 mm, b = 
4 mm, c = 1 mm, and r = 0.34 mm. 
 
 
Figure A.3. Stress concentration factor (Kt) estimation of a circumferential V-notch 
(https://www.efatigue.com/constantamplitude/stressconcentration/). 
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APPENDIX B  
FRACTURE SURFACE OF FATIGUE SPECIMENS 
 
Fracture surfaces of fatigue (unnotched pare metal, notched parent metal and weled) 
specimens were observed by an Ancansco microscope, interfaced with a QCapture Pro 
6.0 software. Observation results are shown in Figures B.1 - B.3. 
 
Fracture surfaces of fatigue specimens (unnotched pare metal, notched parent metal and 
weled specimens) were also observed by a Hitachi TM3000 SEM and a JEOL JSM-
6010LV SEM. SEM micrographs of unnotched parent metal, notched parent metal and 
weled fatigue specimens tested at room temperature and -20 °C are shown in Figures 
B.4 and B.9. 
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Figure B.1. Optical macrographs of fracture surfaces of fatigue specimens of unnotched 
parent metal: (a) failed at 2.6×104 cycles at the stress amplitude of 426 MPa, (b) failed 
at 1.3×105 cycles at the stress amplitude of 399 MPa, (c) failed at 2.4×105 cycles at the 
stress amplitude of 373 MPa, (d) failed at 3.0×105 cycles at the stress amplitude of 351 
MPa, (e) failed at 9.2×105 cycles at the stress amplitude of 341 MPa, and (f) failed at 
2.3×106 cycles at the stress amplitude of 325 MPa. 
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Figure B.2. Optical macrographs of fracture surfaces of fatigue specimens of notched 
parent metal: (a) failed at 1.8×104 cycles at the stress amplitude of 352 MPa, (b) failed 
at 1.1×105 cycles at the stress amplitude of 213 MPa, (c) failed at 5.2×105 cycles at the 
stress amplitude of 213 MPa, and (d) failed at 1.4×106 cycles at the stress amplitude of 
197 MPa. 
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Figure B.3. Optical macrographs of fracture surfaces of fatigue specimens of welded 
plate T1: (a) failed at 1.3×105 cycles at the stress amplitude of 426 MPa, (b) failed at 
1.7×105 cycles at the stress amplitude of 399 MPa, (c) failed at 3.3×105 cycles at the 
stress amplitude of 373 MPa, (d) failed at 4.6×105 cycles at the stress amplitude of 351 
MPa, (e) failed at 1.4×106 cycles at the stress amplitude of 341 MPa, and (f) failed at 
2.0×106 cycles at the stress amplitude of 325 MPa. 
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Figure B.4. Secondary electron SEM micrographs of fracture surface of a fatigue 
specimen of unnotched parent metal tested at roomtemperature. 
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Figure B.5. Secondary electron SEM micrographs of the fracture surface of a fatigue 
specimen of notched parent metal tested at roomtemperature. 
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Figure B.6. Secondary electron SEM micrographs of the fracture surface of a fatigue 
specimen of plate T2 tested at room temperature. 
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Figure B.7. Secondary electron SEM micrographs of the fracture surface of a fatigue 
specimen of unnotched parent metal tested at -20 °C. 
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Figure B.8. Secondary electron SEM micrographs of the fracture surface of a fatigue 
specimen of weled plate T1 tested at -20 °C. 
 
.
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APPENDIX C  
COPYRIGHT PERMISSIONS 
 
Permission to use Figure 2.1: 
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Permission to use Figure 2.3: 
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